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METABOLISM OF MUCOPOLYSACCHARIDES IN CONNECTIVE 


TISSUE. I. 


By ALFRED JAY BOLLET,+ JESSE F. 


(From Wayne State University College of 
Detroit, 


(Submitted for publication October 6, 1958; accepted October 23, 


Details of the intermediary metabolism of muco- 
polysaccharides have been studied in microor- 
We have 


undertaken an exploration of enzymatic steps in 


ganisms and some animal tissues (1). 


the synthesis of mucopolysaccharides in extracts of 
the connective tissue which enter polyvinyl 
sponges inserted under the skin of guinea pigs 
and extracts of human synovial tissue obtained 
surgically. 

Uridine diphosphoglucuronic acid (UDPGA) 
is presumed to be the donor of glucuronic acid in 


the synthesis of acid mucopolysaccharides (1). 


This report concerns primarily the enzymatic steps 


involved in the synthesis of UDPGA from glucose, 
and other enzymes involved in the metabolism of 
glucuronides, including glucuronosyl transferase 
and beta-glucuronidase. Schematic outline of the 


actions of the enzymes studied is given in Table I. 


METHODS 
Polyvinyl (Ivalon®)sponges were inserted under the 
100 Gm., 
anesthetized with pentobarbital (20 mg. per Kg.). The 


dorsal skin of male guinea pigs, weighing 500 + 


animals were fed standard Purina guinea pig chow 
After two to four weeks, they were killed by a blow on 
the head, and the sponges and liver were removed and 
homogenized separately. Synovial tissue was obtained 
from human beings at the time of arthrotomy for ortho 
pedic surgery or on removal of ganglia. 
carried out at 0 to 4° C. 
milligram of protein, except where indicated. 

1. Hexokinase. a) Preparation. 


ammonium sulfate fraction from particle free supernatant 


All steps were 


\ctivities are expressed per 
The 0 to 50 per cent 


was prepared following the procedure described by Crane 
and Sols (2) for liver hexokinase. 
b) Assay. Aliquots of the enzyme preparations were 


assayed by two methods. After incubation under the 


* Supported by grants from the Michigan Chapter of 
The Arthritis and Rheumatism Foundation; the Receiv 
ing Hospital Research Corporation; and the National In- 
stitutes of Health, United States Public Health 


(Grant RG-5105). 


Service 


+ John and Mary R. Markle Scholar in Medical Science. 
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ENZYMES INVOLVED IN 
METABOLISM * 
GOODWIN ann AUDREY Kk. BROWN 


Medicine, and Detroit Recetving Hospital, 
Mich.) 


1958) 


conditions specified by Crane and Sols (2), the change 
in acid-labile phosphorus was determined following hy 
drolysis in 5 N H,SQO, for five minutes at 100°. Phos- 
phorus determinations were done by the method of Good- 
win (3). As a second method of assay, the entire incu- 
bation mixture was added to a solution containing 0.6 mM 
of glycylglycine buffer, pH 7.4, 0.2 uM of triphosphopy- 
ridine nucleotide (TPN), 0.01 mM of MgCl, and 0.0015 
unit of glucose-6-phosphate dehydrogenase (Sigma, Type 
III) in a total volume of 1.9 ml. The subsequent reduc- 
tion of TPN to TPNH was read at 340 mu in a Beck- 
man DU 
trols 


spectrophotometer. In both procedures, con 


consisted of the same incubation mixture heat 


inactivated at zero time, and incubation carried out with 
glucose omitted. 
2. Phosphoglucomutase. a) The 


steps in the procedure described by Najjar (4) were fol 


Preparation initial 


lowed; extracts were made in four volumes of distilled 


water, heated to 65° C., and a 0 to 65 per cent ammonium 


sulfate fraction obtained. Assays were done within 30 


hours of the start of the preparation 


bh) -lssay. The method of Najjar (4) was used; glu 


cose-l-phosphate conversion to glucose-6-phosphate was 
determined by the fall in acid-labile phosphorus by the 


method of Goodwin (3) Controls consisted of the 


same systems heat-inactivated at zero time 
3. Uridine diphosphoglucose (UDPG) pyrophosphory 


lase and dehydrogenase. a) Preparation. Forty to 55 


per cent ammonium sulfate fraction was obtained from 
water extracts of the tissue, following the initial two 


steps in the procedure of Strominger, Maxwell, Axelrod 
Kalckar (5) UDPG dehy 


drogenase. This fraction was suspended in 0.02 M ace 


and for the purification of 
tate buffer, pH 5.4, and dialyzed against that buffer for 
five hours 

l UDPG pyrophosphorylase ()ne-tenth 
uM of uridine triphosphate, 20 «M of glucose-1-phosphate, 
250 uM 
UDPG 
volume of 0.8 


») Assay of 


5 uM of diphosphopyridine nucleotide (DPN), 
glycine buffer, pH 8.7, and 5 units ot 
total 


purified 


dehydrogenase (Sigma), in a ml., 


were placed in microcuvettes; 0.1 ml. of the enzyme 
preparation to be tested was added The formation of 
reduced diphosphopyridine nucleotide (DPNH) was de- 
Beck 


room temperature. 


termined spectrophotometrically at 340 mu in a 
man model DU spectrophotometer at 


Controls included similar systems with uridine tri- 


phosphate omitted. In this and other controls run with 


glucose-1-phosphate omitted or with uridine diphosphate 





ALFRED BOLLET, JESSE F. 
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GOODWIN, 


AND AUDREY K. BROWN 
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Outline of enzymatic reactions studied in connective tissue 


Enzyme 


Hexokinase 
Phosphoglucomutase 
UDPG pyrophosphorylas« 
UDPG dehydrogenase 
Glucuronosy! transferase 
Beta-glucuronidase 
Cytochrome « 


UDPG 4 
R-OH 4 
R-GA 4 
DPNH +4 


reductase 


\bbreviations used: ATP 
phate; UDPG uridine diphosphoglucose ; UDPGA 
diphosphopyridine nucleotide; DPNH 
substituted tor the uridine triphosphate, little re 
DPN Activity 
micromoles of DPN reduced per minute during the sec 
lor 


very 


duction ot occurred Was expressed as 


ond to sixth minutes of incubation, correcting any 


DPN reduction in controls run simultaneously 
lssay of UDPG dehydrogenase. 
DPNH was determined spectrophotometrically, following 
Axelrod 
Controls consisted of the same incubation 
UDPG Activity 


manner as was used for UDPG pyrophos- 


The formation of 


the procedure of Strominger, Maxwell, and 


(5) 


Kalckar 


mixture with omitted. was expressed 


in the same 
phor y lase. 


mogenates were made in 0.25 M sucrose buffered to pH 


5. Glucuronosyl transferase a) Preparation 


lor some experiments, the sediment obtained by 
37.000 80,000 * G 


76 


ultracentrifugation between and was 
used, suspended in 0.25 M_ sucrose 
The sedi 


h) Assay using o-aminophenol as acceptor 


ment obtained by ultracentrifugation was incubated with 
0.2 wM of UDPGA (Sigma), 0.1 mM of MgCl, 0.55 «M 
of recrystallized o-aminophenol and 0.035 mM_ tris(hy- 
droxymethyl) aminomethane (tris) buffer, pH 7.6, in a 
1.0 ml for 45 
-aminophenol glucosiduronic acid formation was 
(60) 


total volume of After incubation at 37° ¢ 


minutes, 
determined by the method of Levvy and Storey 

c) Assay using 4-methyl umbelliferone as acceptors 
15 minutes at 


MgCl, 0.35 


Homogenate in sucrose was incubated for 


37° ©. with 0.2 uM of UDPGA, 0.1 Gm. of 


rABLI 


Glucose + ATP 
Glucose-6-PO, 

Glucose-1-PO, + UTP < 
2 DPN — 
UDPGA <> 
HOH 
2 Cytochrome c — 


Fe 


adenosine triphosphate ; 
uridine diphosphoglucuronic acid; PP = pyrophosphate; DPN 
reduced diphosphopyridine nucleotide; GA 


Reaction 


Glucose-6-PO, + ADP 
Glucose-1-PO, 
UDPG + PP 
UDPGA + 2 DPNH 4 
R-GA + UDP 


A 
Cytochrome c + H 
(Fett) 


2H 


— R-OH +G 
DPN* + 2 


ADP = adenosine diphosphate; UTP = uridine triphos- 


= glucuronic acid. 


mM of tris buffer and 0.2 1M of 4-methyl umbelliferone 
? 


in a total volume of ml. The incubation mixture was 
then shaken with 10 ml. of chloroform twice to denature 
protein and extract unconjugated umbelliferone. Aliquots 
of the incubation mixture were then incubated 
with 0.2 mM of tris buffer, pH 7.0, 
and 50 units of bacterial beta-glucuronidase (Sigma) in 
2.0 ml. 


10.35, was then added and 


of 0.5 ml. 
for one hour at 37° C. 
a total volume of Five ml. of glycine buffer, 
0.5 M, pH 


termined and compared to the fluorescence of similar ali 


fluorescence de 


quots carried through the same procedure without beta- 
The 


beta-glucuronidase 


glucuronidase increase in fluorescence following 


incubation with was considered to 


indicate the amount of umbelliferone which was conju 
gated with glucuronic acid in the initial incubation. 

6. Beta-glucurontdase. a) Preparation. Assays were 
done using homogenate suspended in 0.25 M sucrose buf- 
fered to pH 7.6 

| and Bernfeld 


') Assay. The procedure of Fishman 


(7) was followed. Results are expressed as micrograms 
| The assay procedure used was based on ‘suggestions 
of Dr the National 


Arthritis and Bethesda, 


Gordon Tompkins of Institute of 
Metabolic Md. This 
found to give results proportional to the 
when 


Diseases, 
method was 
amount of protein in the incubation mixture only 
were Liver 


small amounts of enzyme activity present. 


homogenates were diluted so that only one mg. of pro 


tein, or less, was used in the assay 


Clinical data on human synovial tissue samples studied 


Hip 


Diagnosis 


Osteoarthritis secondary to aseptic necro- 


sis of femoral head 


Knee Charcot joint 
Knee 

Tendon sheath 
Fendon sheath 
Knee 

Hip 


Knee 


Ganglion 
Ganglion 


lorn meniscus 


pooled tissue from 2 patients 
Fracture of patella 

Rheumatoid arthritis 

Rheumatoid arthritis 
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TABLE 


METABOLISM 


IN CONNECTIVE TISSUE 


Ill 


UDPG pyrophosphorylase and UDPG dehydrogenase activity of 40 to 55 per cent ammonium sulfate fraction 
obtained from extracts of guinea pig tissue and human synovial tissue * 


UDPG pyrophosphorylase 


lissue sample 


A. Guinea pig tissues 
Sponge tissue 
Liver 
B. Human synovial tissues 
\ 0.2 


B 0.02 
H 0.8 


UDPG dehydrogenase 


No. of 
observa 
tions 


No. of 
observa 
tions 


10 
8 


Oh 
0.3 
0). 


* Figures given are micromoles (X 10°) of diphosphopyridine nucleotide reduced per minute per mg. of protein. 


+ S.E.M. = standard error of the mean. 


of phenolphthalein released from phenolphthalein glu 
curonide after one hour at 37° C. 

7. Cytochrome c reductase. a) Preparation. Assays 
were done on homogenate suspended in 0.25 M_ sucrose 
buffered to pH 7.6. 

The method described by Mahler (8) was 


used; 2,6-dichlorphenol indophenol was used as the elec- 


bb). Issay. 


tron acceptor. The incubation mixture consisted of 1.3 
ml. of 0.05 M phosphate buffer, pH 7.4, containing 0.001 
M KCN, 0.18 uM of dye, 0.6 «1M of DPNH, and ho 
mogenate in a total volume of 2.6 ml. Dye reduction was 
determined in a Beckman DU spectrophotometer at 600 
mu at room temperature. Results are reported as mi 
cromoles of dye reduced between the thirtieth and one 
hundred twentieth seconds of incubation. 

8. Protem 
sayed was estimated by the determination of ultraviolet 


determination. Protein in the samples as 


absorption at 280 and 260 mu, as described by Layne (9) 


RESULTS 


The figures given for guinea pig tissues are mean 
values, while the figures given for human synovial 
tissues are individual determinations ; clinical data 
for these cases are given in Table IT. 

Hexokinase. The fraction prepared from sponge 
granulomas was found to have hexokinase activity, 
demonstrated by the transfer of acid-labile phos 
phorus of adenosine triphosphate (ATP) to acid 
In the 
assay procedure used, 80 »M of ATP was con- 


stable phosphorus of glucose-6-phosphate. 


verted per gram of sponge tissue extracted. 
Phosphoglucomutase. Sponge tissue converted 
an average of 64 * 10°? pM _ of glucose-1-phos- 
phate to glucose-6-phosphate per gram of tissue 
extracted, under the conditions used. 
UDPG pyrophosphorylase and UDPG dehy- 


The 


sponge tissues were found to have 17 per cent of 


drogenase. active fractions obtained from 
the UDPG pyrophosphorylase, and 11 per cent 
of the UDPG dehydrogenase activity of similar 
fractions isolated from the livers of the same ani 
mals (Table IIT). 


tures used in the assay of the UDPG pyrophos 


Following incubation, the mix 


phorylase and dehydrogenase from sponge and 
liver tissue were adjusted to pH 3.1, and adsorbed 
with charcoal (Norit A). The charcoal was eluted 
with ethanol containing 1: 1,000 ammonium hy 
droxide, and a carbazole procedure was run on the 
eluates according to the method of Dische (10) to 
demonstrate the formation of glucuronic acid. A 
pink color with an absorption spectrum correspond- 
ing to that of glucuronolactone was found in each 
instance. 

Activity of these enzymes was also demonstrated 


in human synovial tissue (Table IIT) 


FABLE IN 


Glucuronosyl transferase activity of guinea pig tis 
human synovial tissue, using 4-methyl 
umbellife rone as acce ptor 


\. Guinea pig tissues 
Sponge tissue 
Liver 

B. Human synovial tissues 
Cc 
ID 
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TABLE \V 


Beta-glucuronidase activity of human synovial tissue 


ug. of phenolphthalein 
released per mg 
ol protein 


Tissue 
sample 


oe moe 
oot 


cow 


- umh 
S oO 


Glucuronosyl transferase Conjugation — of 


o-amimophenol to o-aminophenol glucosiduronic 
acid took place when the ultracentrifugational sedi- 
ment obtained from sponge tissue extracts was 
used as the source of glucuronosyl transferase ; 
9.6 x 10 


gram of sponge tissue, 


pM of substrate was conjugated per 
This activity was 7 per 
cent of the activity of the same fraction isolated 
from the liver. Using crude homogenates of 
sponge extracts and 4-methyl umbelliferone as the 
acceptor, glucuronosyl transferase activity was 
again demonstrable. With this system the sponge 
tissue was found to have 2.1 per cent of the ac- 
tivity of liver homogenates and this enzyme was 
also found in homogenates of human synovial tis- 
sue (Table IV ) 
Beta-glucuronidase. Sponge tissue homogenates 
were found to release an average 18.6 pg. (stand- 
ard error + 2.6) of phenolphthalein per mg. of 
protein; homogenates of the liver of the same 10 
animals released an average of 11.9+ 1.1 yg. of 
phenolphthalein per mg. of protein. Synovial tis 
sue homogenates also had beta-glucuronidase ac- 
tivity (Table V). 
DISCUSSION 


The intermediary metabolism of the mucopoly 


saccharides of connective tissue has been studied 


in a variety of microorganisms and some verte- 
brate tissues, but has not been studied previously in 
mammalian connective tissue. Granulation tissue 
proliferation can be induced in experimental ani- 
mals by the insertion of polyvinyl sponges (11). 
Fibroblasts, small vessels and a few giant cells 
appear in these sponges without inflammatory cell 
infiltration ; the mucopolysaccharide concentration 
in the sponges reaches a peak at two weeks (12). 
This tissue provides a means of investigation of 


GOODWIN, 


AND AUDREY K. BROWN 


mucopolysaccharide metabolism in mammalian 
connective tissue. 

The finding in connective tissue of the enzymes 
necessary to synthesize UDPGA from glucose sup- 
ports the likelihood that UDPGA is an intermedi- 
ary in the synthesis of the glucuronic acid moiety 
of mucopolysaccharides. This possibility has been 
suggested by the observation of Glaser and Brown 
(13) that labeled UDPGA is incorporated into 
hyaluronic acid by the Rous chicken sarcoma. 

The relatively high concentration of beta-glu- 
curonidase in the sponge tissue is of interest in 
view of observation by Linker, Meyer and Weiss- 
mann (14) that this enzyme hydrolyzes glucuroni- 
dic bonds in oligosaccharides derived from hy- 
aluronic acid. Since hepatic glucuronosyl trans- 
ferase is considered the enzyme involved in the 
synthesis of glucuronides of a variety of phenolic, 
alcoholic and steroid compounds, with UDPGA 
serving as the donor of glucuronic acid (15), the 
presence of this enzyme in connective tissue leads 
to speculation concerning its biologic role in that 
tissue. Fishman and Green (16) have suggested 
that béta-glucuronidase can serve to transfer glu- 
curonic acid from preformed glucuronides to a 
variety of acceptors. If this mechanism is opera- 
tive in vivo, the glucuronosyl transferase might 
form glucuronides which serve as substrate for 
this reaction. These considerations, however, only 
serve to underscore the lack of information con- 
cerning the enzyme systems involved in the syn- 
thesis of oligosaccharides and the need for further 
investigation. 

Cytochrome c reductase was measured as an 
index of general metabolic activity of the tissues 


rABLE VI 


Cytochrome c reductase activity of guinea pig tissue and 
human synovial tissue 


uM dye reduced per mg. protein 


No. of 
observa 
Tissue sample Mean S.E.M. tions 
Guinea pig tissues 
+0.55 


Sponge tissue 
i +0.67 


Liver 
Human synovial tissues 
B 
G 
H 
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studied, to serve as a basis for comparison of the 


activity of enzymes involved in other metabolic 
functions. Such an index may be particularly use- 
ful in studies of connective tissue enzymes, where 
the relatively large amount of extracellular protein 
dilutes intracellular enzymes in tissue homogenates 
(Table VI). 

Synovial tissue slices have been shown to be 
capable of the synthesis of mucopolysaccharide 
from glucose (17). The present study demon- 
strates activity of individual enzymes involved in 
mucopolysaccharide metabolism in extracts of hu- 
man synovial tissue. The presence of measurable 
activity of these enzymes permits investigation of 
connective tissue metabolism in various diseases 
and exploration of mechanisms of action of thera- 
peutic agents. 


SUMMARY 


Activity of enzymes involved in mucopolysac- 
charide metabolism can be demonstrated in extracts 
of connective tissue grown in polyvinyl sponges 
inserted under the dorsal skin of guinea pigs and 
in extracts of human synovial tissue. [Enzymes in- 
volved in the synthesis of uridine diphosphoglucu- 
ronic acid (UDPGA) from glucose were studied. 
as were glucuronosyl transferase, beta-glucuroni- 
dase and cytochrome ¢ reductase. The techniques 
used permit comparison of mucopolysaccharide 
metabolism in synovial tissue in various clinical 
states. 
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Among the forces that may contribute to the 
first inflation of the lungs after birth, those de- 
veloped through changes in the pulmonary circu- 
latory system have been assigned primary impor- 
Carter (2) and 


tance by Jaykka (1), Bonham 


\dams, Karlberg and Lind (3). Possibly the ear- 
liest basis for this view was provided during the 
last century by von Basch (4) who showed in ant- 
mals and also in experimental models that pulmo- 
nary vascular congestion, presumably at the capil- 
lary level, tends to increase the volume of gas in 
the lungs. Recently, it was demonstrated in ex 
cised cats’ lungs that the expansile force resulting 
from vascular congestion is greatest when the lungs 
are collapsed (5). Together, these findings might 
be taken as evidence underscoring the role of vas 
cular distention in expanding the lungs at birth. 
Before this view is accepted, however, two facts 
must be established. One is that the increase in 
pulmonary blood flow precedes the first breath. 
This is contrary to the findings of Dawes in fetal 
lambs that pulmonary blood flow is increased only 
after inflation has occurred (6). The other is that 
the force developed through vascular filling or con 
gestion is sufficiently large to cause air to enter the 
lung. The object of this study was to test this sec 


ond possibility. Experiments were carried out 


to compare the distending forces produced by a 


wide range of pulmonary vascular pressures with 
the force required to inflate the lungs. Measure- 
ments were made on excised lungs of adult cats 
and dogs that were freed of gas to simulate their 
condition at birth, and on lungs of puppies and 


newborn infants that had not breathed. 


* This work was supported in part by a Special Trainee 
ship (BT-259) from the National Institute of Neurologi 
cal Diseases and Blindness, National Institutes of Health. 
National Foundation for Infantile 


+ Research Fellow, 


Paralysis, Inc 


METHODS 


Excised lungs from four adult cats, one adult dog, five 
fetal puppies and two stillborn infants were used. The 
animal lungs were made gas-free by a modification of the 
technique of Coryllos and Birnbaum (7). The cats were 
anesthetized with 30 mg. per Kg. of pentobarbital ( Nem 
butal®) } 


the same dose intravenously 


injected intraperitoneally ; the dogs were given 


Ninety-nine plus per cent 


of oxygen was used to ventilate the lungs through a 


1 


tracheal cannula for about 15 minutes, after which the 


chest was opened and the trachea was occluded to permit 


absorption of the gas by the pulmonary circulation. 


Early in the period of gas-freeing 375 mg. of mepe 


sulfate 2 (an anticoagulant), diluted with saline, was in- 
jected into the left ventricle. The heart and lungs wert 


excised together. Cannulae were inserted into the pul 


monary artery and left atrium; a clamp was put across 
the myocardium just below the mitral valve in order to 
close the pulmonary vascular system. Each cannula was 


connected to a dispensing burette and pressure trans 


ducer. To minimize the formation of pulmonary edema, 6 
per cent dextran in Ringer's lactate solution was used to 


fill the blood 
solution to help detect leaks 


vessels. Trypan blue was added to the 


\ tracheal cannula was 1 


DIAGRAM OF BURETTE, CANNULA! 


Fic. 1 


ro PULMONARY 


SCHEMATI 


ARTERY AND Lert ATRIUM, AND INTRA 


TRACHEAL CANNULA 
T indicates pressure transducer. Cannulae to pulmonary 
artery and left atrium are represented by black spot be 


tween the lungs. 


Abbott Laboratories 


Hoffmann-la Roche, In 


456 
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_/ 
Se 
kic. 2. DIAGRAM OF APPARATUS FOR MEASURING PRES 
SURE-VOLUME CHARACTERISTICS OF EXCISED LOBES 
A correction for compression of gas within the bottle 
vas made by clamping the trachea, elevating the burette, 
and subtracting the volume change recorded from the final 


readings with the lungs in the system. 


serted close to the carina and connected to an inductance 
manometer. The gas volume of the cannula and tubing 
was kept small, ranging up to approximately 5 ml. The 
apparatus for this part of the experiment is shown sche- 
matically in Figure 1 
By varying the height of the dispensing burette lead 
ing to the vascular system, pressure could be raised to any 
level in the pulmonary artery and left atrium. Vascular 
: ’ dain as . P ¢ 1S . » * : 
congestion was maintained approximately 15 seconds, ‘ a8. ey =D bat %, 
* st 
Fic. 4. Section or Lerr LUNG FROM SAME INFAN1 
As IN FiGure 3, AFTER INFLATION WITH AIR By PositTivi 
PRESSURE APPLIED TO TRACHEA 


100. Hematoxylin and eosin 


unless otherwise stated in the figure legends (gas was 
not allowed to enter the lungs during these periods of 
vascular congestion so that changes only in airway pres 
sure were possible. All pressures were recorded simul 

taneously on a direct-writing oscillograph 
Qne human left lung with a weight of 18 Gm. was 
studied four hours after death. It was obtained from a 
1,500 Gm. anencephalic monster that made no respira 
tory movements but did have a pulsating heart for 40 
minutes after delivery The other human lung, from an 
1,880 Gm. anencephalic monster, was studied 7.5 hours 
after stillbirth. The experimental procedure was_ the 
same as that outlined for the animals except that no anti 
coagulant was used, and the ductus arteriosus was tied 
off to produce a closed pulmonary vascular system 
Histologic sections of the lungs from the 1,880 Gam. in 

fant are shown in Figures 3 and 4 

The fetal puppies weighed from 140 to 240 Gm. and 
were obtained from two pregnant dogs estimated to be 
near term. One of the dogs was sacrificed by injecting 
Nembutal® intravenously, after which eight puppies were 
delivered as quickly as possible by cesarean section 
Fig. 3. Section or Richt Lune From 1,880 Gm. Mepesulfate was injected into the fetal hearts whicl 
STILLBORN ANENCEPHALIC MONSTER AFTER VASCULAR were beating at the time of delivery Phe puppies did 
I;NGORGEMENT AND FORMATION OF PULMONARY EDEMA — not breathe during the period of direct observation. The 


100. Hematoxylin and eosin other dog was anesthetized with Nembutal® and _ the 
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lungs ventilated with 99 plus per cent oxygen through 


a tracheal cannula. An attempt was made to prevent 


intrauterine respiratory movements by injecting intra 
venously 0.3 Gm. morphine sulfate to sacrifice the ani- 
3efore the puppies were removed from the uterus, 


the heart 


mal, 
the fetal tracheae were clamped; after delivery 
and lungs were excised and prepared in the manner al 
ready described; in addition, care was taken to occlude 
the foramen ovale with a clamp placed across the left 
atrium. Because of the extreme fragility of the cardio 
vascular tissue, leaks caused by damage to the tissue 
could not be avoided; as a consequence it was not pos 
sible to measure vascular volume, although vascular pres 
sure was recorded accurately. 

The preparation used to measure pressure-volume char- 
acteristics of excised lungs previously made gas-free is 


shown schematically in Figure 2. 


The lungs were ob 
tained from five cats, 2 to 3.5 Kg. in weight, and five dogs, 
14 to 18 Kg 


rette shown on the right forced gas into the lungs 


Elevation of the dispensing bu 
The 


difference between fluid levels in the burette and bottle 


in weight 


represented the distending pressure for the lungs; this 
pressure was read from a water-filled manometer. Pres- 
sure was raised in steps of 2.5 cm. of water until a large 
portion of the lungs was inflated; thereafter, steps of 5 
cm. of water were used until a peak level of 35 cm. of 
water (occasionally 30 cm. of water) was reached. The 
lungs were permitted to deflate in steps of 5 cm. of wa 
ter I'wo minutes were allowed for equilibration to oc- 
cur before changes in volume were measured. Volume 
was read directly from the burette after correction was 
made for compression of the gas. Before and after each 
run, the volume of the lungs was measured by displace 
ment of fluid 

lo determine whether the distending pressure at which 
gas first entered the lungs could be influenced by the 
configuration of the lungs, these measurements were also 
made on individual lobes of dogs’ lungs that were partially 
filled with saline. Two methods were used to instill fluid 
directly through the bronchial tree, and indirectly through 
the blood vessels by raising vascular pressure to levels at 
which “edema” fluid entered the air spaces. The amount 
of fluid added was roughly equal to the estimated func 
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tional residual capacity of the lobe, assuming that the 
distribution of the functional residual capacity among the 
lobes is proportional to their weight. Values for the 
functional residual were based on the data of 


Mead and Collier (8) 


capacity 


RESULTS 


Influence of acute pulmonary vascular congestion 


on airway pressure in gas-free excised lungs 


The findings in adult cats’ and dogs’ lungs were 
similar, Typical tracings from two experiments 
The control pul 


4+ cm. 


of water; in the experiments shown, left atrial 


are shown in Figures 5 and 6. 
monary arterial pressure was set at about 


pressure during the control period was set at 8 to 
10 cm. of water which is within the normal range 
In other experiments, con 
-4 cm. 


of water without any apparent difference in re 


for the intact animal. 
trol pressure in the left atrium was set at 
sults. When arterial pressure was raised acutely 
to 20 cm. of water or more, pressure in the left 
atrium rose to nearly the same level within 15 
seconds. Filling of the vascular system, judged 
from the distribution of the blue perfusate, ap- 
peared to occur throughout the lungs. 

The range of pulmonary vascular pressure was 
from 20 to 80 cm. of water. Vascular volume and 
pressure showed a close correlation even though 
time was not allowed for complete equilibration to 
occur (Figure 7). At lower vascular pressures, 
almost all of the fluid was regained upon emptying 
the system. At vascular pressures of approxi 
mately 60 cm. of water or more, the recovery of 
fluid was incomplete, suggesting that edema or 
“leakage” had occurred. 


In all experiments, the change in airway pres- 
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RELATIONSHIP BETWEEN PULMONARY 


VASCULAR PRESSURE AND VOLUME, AND AIRWAY (TRANS- 


Fic. 7. THE 


PULMONARY) PRESSURE 


‘sure followed within a few seconds the onset of 
congestion. The direction of change was toward 
subatmospheric ; that is, the force which developed 
acted in the direction of expanding the lungs. (It 
will be recalled from the description of the prepara- 
tion that gas was not permitted to enter the lungs. ) 
The change in airway pressure correlated well with 
the level of vascular pressure, ranging from about 
1 cm. of water at a vascular pressure of 20 cm. of 
water, up to nearly 5 cm. of water at vascular 
pressures of 50 to 70 cm. of water. The largest 
distending pressure developed in any lung in this 
series was 5 cm. of water. 

At lower degrees of congestion, airway pressure 
approached equilibrium asymptotically and_ re- 
turned nearly to control level when congestion was 
reversed. At the highest vascular pressure, the 
response was biphasic: Initially, as before, airway 
pressure became subatmospheric, but it shortly re- 
versed its direction and became positive relative to 
the atmosphere if the congestion was sustained 
long enough. This reversal appeared to corre- 
spond to formation of increasing amounts of 
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edema. (The lungs were seen to increase sig- 
nificantly in volume.) It is noteworthy that, sub- 
sequent to this step, the response of airway pres- 
sure to lower levels of vascular pressure was sig- 
nificantly reduced (Figure 8). 

In the human stillborn lung, pulmonary arterial 
pressure could not be transmitted to the left atrium. 
For this reason the procedure was reversed and 
left atrial pressure was elevated in an attempt to 
open the vascular system from the other direction. 
There was no retrograde transmission of pressure 
either, until atrial pressure reached 80 cm. of wa- 
ter; at this point arterial pressure rose suddenly 
to about 70 cm. of water. .\ssociated with this ex 
treme elevation of vascular pressure was a slight 
biphasic change in airway pressure; that is, there 
was a transient negative phase followed by a posi- 
tive one (Figure 9). 

The results of experiments on fetal puppies were 
less clear-cut, probably because of leakage out of 
the vascular system. The largest change induced 
in airway pressure during filling of the blood ves 
sels was less than 1 cm. of water. 

To ensure that pressure changes measured with 
the gas-filled recording system (tracheal cannula 
and pressure tubing) were a valid reflection of 
changes occurring at the alveolar level, two ad 
ditional procedures were done. One was to place 
a gas-free cat’s lung in an air-tight, stoppered glass 
jar; the lung was supported by its tracheal can 
nula leading through the stopper to a transducer ; 
several sizes of cannulae and lengths of tubing 


STILLBORN (ANENCEPHALIC) é 15 KG 
LT. LUNG 18.06 
CM. H20 
4 2 
P aiRWAY : 


PLA 


1201 
SEC. 


TRACINGS OBTAINED DurING ELE 


ATRIAI 


OF A HUMAN STILLBORN 


Fic. 9. PRESSURE 


VATION OF THE LEF1 PRESSURE IN THE LUNG 


Note the very minimal changes in airway pressure a¢ 


companying vascular distentior 





460 MARY ELLEN AVERY, N. 


were used. Suction was then applied around the 
lungs in steps of 1 cm. of water up to a total of 

6 cm. of water, while the pressure response in- 
side the trachea was recorded. In general, about 
SO per cent of the applied negative pressures was 
transmitted to the manometer; that is, a pressure 
of —5 cm. of water around the lungs was read as 


4+ em. of water. The small variations of size of 


the cannulae and tubing used in the first experi 


ments did not significantly affect this degree of 
transmission. 

The second procedure was to repeat the experi 
ment entirely under fluid (saline). In this sys 
tem, zero reference pressure for both the lungs 
and blood vessels was the level of the saline bath. 
The assumption was made that in the absence 
f an air-fluid interface the changes in pressure 
at the alveolar level would be transmitted in total 
to the manometer. It was found that the magni 
tude of change in airway pressure induced by 
graded elevations of vascular pressure were ap- 
proximately the same as those in the conventional 
preparation. 

I oluime characteristics of thi 


and partially fluid-filled lungs 


pressure Jas-jree 


Typical examples of static volume-pressure char- 
acteristics of the separate lobes of a dog’s lung are 
shown in Figure 10. To facilitate comparison of 
the lobes, intrapulmonary volume was expressed in 
ml. (gas, fluid, or both) per Gm. of tissue. In this 
preparation the right upper lobe was completely 
collapsed, the left lower lobe was partially filled 
with saline through its major bronchus, and the 
right middle lobe was partially filled with saline 
through its vascular system. 

During inflation of the totally collapsed right 
upper lobe there was no appreciable increase in vol 
ume until a pressure exceeding 20 cm. of water was 
applied to the airway. Judging from the appear 
ance of the pleural surface, filling was complete at 
35 em. of water. On the other hand, equivalent 
inflation of the two lobes that contained fluid oc 
curred at pressures of only 12.5 and 15 cm. of wa- 
ter. These lobes also appeared completely in- 
lated (there were no obviously collapsed units 
on the pleural surface) at a distending pressure 
of 35 cm. of water. The volume-pressure relation 


ships of these lungs are illustrated in Figure 10. 
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partially filled with saline through the vascular 
During deflation, the curves for all three lobes 
were roughly similar except at zero airway pres- 
sure at which the volume was greater in the two 
lobes containing fluid; this occurrence of an in- 
volume 


creased at zero airway pressure in the 


presence of “edema” is typical for excised lobes 
(9). 


DISCUSSION 


Fluid was allowed to flow into, but not through, 
the vascular system from either side; approxi 
mately equal levels of pressure were therefore ap- 
We be- 


lieve that the effect of congestion on the elastic 


plied to all parts of the vascular system. 


behavior of the lungs is exerted largely at the level 
of the small vessels: the capillaries, and possibly 
venules, lying apposed to alveolar structures. In 
measurements during life the left atrial pressure 
which is generally accepted as a reliable index of 
capillary pressure should provide similar informa- 
tion about the degree of congestion. 

In general, the changes produced in airway 
pressure acting to distend the lungs of the adult 
dogs and cats were roughly proportional to the 





EFFECTS OF VASCULAR 
levels of vascular pressure that were applied. 
When the vascular pressure was raised to 30 cm. 
of water, an inflationary force of only 1 to 2 cm. of 
water was developed ; at a vascular pressure of 40 
cm. of water it rose to about 2.5 em. of water; at 
levels of 60 to 80 cm, of water, the change in air- 
way pressure never exceeded 5 cm. of water. 
Vascular pressures of 30 to 40 cm. of water have 
particular relevance, for when these levels are 
reached in the left atrium of living dogs, pul- 
monary edema forms (9). The higher vascular 
pressures in these experiments were induced to 
test the extreme situation, answering the question 
of how much effect on airway pressure is possible. 

The relative lack of response among the lungs 
of stillborn infants and fetal dogs may have been 
due to technical shortcomings : clotted blood which 
prevented the transmission of pressure through- 
out the vessels (stillborn infants’ lungs) and vas- 
On the 


hand, the presence of amniotic fluid or secretions 


cular leaks (fetal dogs’ lungs). other 
in the lungs would tend to minimize the expansile 
effect of vascular congestion. That is, the dis- 
tending force produced by a given degree of con- 
gestion 1s greatest when the lungs are at minimum 
volume, and becomes progressively smaller as the 
lungs expand (5). Evidence for this was found 
in the experiments in which vascular pressure was 
maintained at high levels for periods up to sev- 
eral minutes. Airway pressure, which at the out 
set fell to subatmospheric levels, gradually re- 
versed its direction and finally became positive 
relative to atmospheric pressure (Figures 5, 6, &, 
9). Concurrently, the volume of the lungs, judg 
ing from their external appearance, increased sig- 
nificantly even though the trachea was occluded. 
This suggests that the increasing volume of the 
lungs did minimize the inflationary effect of vas- 
cular distention. 

Fluid which may be present in the passages of 
the lungs prior to initial inflation by gas will have 
other implications as well. The results of these 
experiments suggest that if there is fluid equal 
in amount to half of the estimated functional re 
sidual capacity, inflation will proceed at lower dis- 
tending pressure than if the lungs are totally col- 
lapsed (Figure 10). This effect may be due to 
changes in the configuration of the smaller units 
of the lung. Fluid, by enlarging the radii of curva- 
ture of the alveolar ducts, could facilitate expan- 
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sion in accordance with the LaPlace relationship 
which states that the pressure in a tube is directly 
proportional to tension and inversely proportional 
to the radius of curvature (P = T/r). In the case 
of air entering a liquid-filled tube, the pressure 
required would be determined by the surface ten 
sion at the liquid-air interface, and the formula 
would then be P = 2 surface tension/radius (10). 

The results of these experiments do not sup 
port the hypothesis developed by Jaykka (1) and 
amplified by Bonham Carter (2) and Adams and 
that 
“capillary erection” at birth is a primary factor 
Jaykka’s 


evidence for the hypothesis rested on a series of 


co-workers (3), the force developed by 


causing the first inflation of the lungs. 


histological sections from lungs of stillborn in- 
fants and animals; vascular congestion had heen 
produced following excision of the lungs. He 
found that the lungs were more evenly expanded 
if macrodex * was first injected through the pul- 
monary artery than if they were inflated by gas 
directly through the trachea. The conelusion was 
drawn that circulatory adjustments at birth are 
responsible for normal inflation. An alternative 
explanation for his histological findings is_ that 
macrodex which was injected into the pulmonary 
artery under a pressure of 80 mm. Hg entered the 
alveoli as edema fluid, while the particles of India 
ink used to stain the fluid remained in the capil- 
laries. In the process of fixing the tissue macro 
dex may have been washed out, giving the illu 
sion of alveoli inflated by gas. Figures 3 and 4 
illustrate the difficulty of distinguishing between 
lungs that are filled with fluid or inflated with gas 
Figure 3 shows a section from one lung of an 1,880 
Gm. stillborn infant after edema was induced 
through the vascular system with macrodex stained 
with trypan blue. The other lung, which was in 
flated with gas through the trachea, is shown in 
igure 4. 
SUMMARY 


The role that increased pulmonary blood flow at 
birth may play in expanding the lungs was studied 
by measuring the pressures developed in the lungs 
during acute vascular congestion. Measurements 
were made in excised lungs of four adult cats, one 
adult 


fants. 


dog, five fetal dogs, and two stillborn in 
When the lungs were at minimum volume. 


Pharmacia Ltd., Sweden 
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the effect of vascular distension was in the direc- 
tion of facilitating expansion but it was not of 
sufficient magnitude to initiate it. When the lungs 
were partially distended by fluid, the expansile ef- 
fect of vascular congestion was negligible. 

The presence of a volume of fluid in the lungs, 
however, while minimizing the effects of vascular 
congestion, permitted expansion at a lower airway 
pressure than that required for lungs at minimal 
volume 
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THE EFFECT OF A FALL IN FILTRATION 
AND WATER EXCRETION IN 


RATE ON SOLUTE 
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Considerable attention has been focused on the 
relation between the quantity of solute filtered and 


2 


urine concentration (1-3). It has been shown that 
as the filtered solute load is increased in hydro- 
penic subjects, the concentration of the urine falls 
despite continued antidiuretic activity (1-4). A 
major action of the antidiuretic hormone (ADH) 
is to render the distal tubule more permeable to 
water and the fluid therein progressively less di- 
lute before it reaches the concentrating segment 
(5-7). An increment in the quantity of solute 
filtered and unreabsorbed in the proximal tubule 
increases the solute load reaching the distal tubule 
and thereby reduces the diffusion coefficient of the 
distal tubular water (8). Furthermore, the con- 
tinued extraction of solute in the distal tubule in- 
creases the volume of water freed for back diffu- 
(7, 8). 
ADH might then prove relatively less effective 


sion The existing levels of circulating 
in promoting maximum back diffusion of distal tu- 
bular water so that the concentration of the fluid 
leaving the distal tubule would fall below serum 
osmolality (8). The diluting effect of an increase 
in the filtered solute load in hydropenic subjects 
nught relate to this factor of less complete back dif- 
fusion of distal tubular water as well as to the in- 
crease in volume reaching the concentrating seg- 
ment. To delineate further the influence of varia- 
tions in the rate of filtration of solute on urine con- 
centration, experiments were performed in man 
during which the glomerular filtration rate (GFR ) 
was reduced in the face of intense antidiuretic ac- 
tivity. Such experiments were performed in sub- 
jects without renal disease and in patients with 
frank renal failure of diverse etiology. 


* Presented in abstract form at the Meetings of the 
Society of Clinical Investigation, May 5, 1958. 

+ Supported by a grant (No. A-277) from the National 
Institute of Arthritis and Metabolic National 
Institutes of Health 


Diseases, 


1958; accepted November 6, 1958) 


MATERIALS AND METHODS 


Glomerular filtration rate was reduced for approxi 
mately two hours in 21 hydropenic subjects comprising 
three separate groups. Group Ia consisted of eight sub- 
jects with normal renal function, maintained on regular 
diets; Group Ib included six subjects with normal kidney 
function in whom the rate of sodium excretion had been 
markedly depressed. The latter group was prepared by 
the institution of a salt-free diet, containing 225 mg. of 
sodium, five days prior to the acute experiment. Forty 
eight hours before the experiment, the oral administra 
tion of 9-alpha fluorohydrocortisone was started at a 
dosage level of 2 mg. every eight hours. Group II con 
sisted of seven patients with frank renal failure of diverse 
etiologies. 

Each patient received five units of Pitressin® Tannate 
in oil intramuscularly the night before, and was deprived 
of food and water for 16 hours prior to the experiment 
The study was performed in the morning with the fasting 
patient remaining in bed. Catheterization was performed 
with a No. 18 multi-holed soft catheter or, in later ex 
periments, a No. 18 malecott catheter. This latter type 
allows the catheter opening to lie flush with the internal 
urethral orifice, a position which permits an_ efficient 
bladder emptying without awkward and painful manipu 
lation of the catheter. The overnight specimen was saved 
in a sterile syringe. A calibrated syringe was attached 
to the distal end of the catheter and the bladder was emp 
tied every three minutes in order to estimate urine flow 
accurately at the bedside. The periods of very low urine 
flow could thus be terminated as soon as sufficient urine 
was collected. 

A priming injection of inulin, sodium para-aminohip 


(PAH), and 


ministered intravenously 


purate two units of Pitressin® was ad 


This was followed by a con 
stant infusion of these substances dissolved in Ringer’s 
lactate in quantities adequate to measure GFR and ef 
fective renal plasma flow (ERPF), and to insure maxi 
mal antidiuretic activity. (Pitressin® was infused at a 
rate of 500 mU per hour.) This solution was adminis 
3owman infusion pump at a 
After a 45 to 60 min 


ute equilibration period, the bladder was emptied, rinsed 


tered intravenously with a 
constant rate of 0.5 ml. per minute. 


with the overnight, inulin-free urine, and then with air 
Thereafter three 30 minute control periods were com 
pleted and the bladder was emptied only with air. 

The blood pressure was then reduced by the intra 
1950 


venous administration of 50 to 100 mg. of SC 
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(1-ethyl-2,6-dimethylluptidine ethobromide ),! a ganglionic 
blocking agent, and/or the application of venous tourni- 
quets to the thighs. The drug alone was usually sufficient 
to lower the blood pressure in patients with any degree 
of hypertension; tourniquets and tilting were required in 
addition in the normotensive subjects. The hypotension 
Was maintained for about two hours during which 3 to 4 
more urine collection periods of approximately 45 min 
utes each were completed. Blood specimens were col 
lected at appropriate intervals throughout the control 
and hypotensive periods. Each blood and urine sample 
was analyzed for total osmolality and inulin, PAH, so 
dium, potassium, chloride and urea concentrations. Urine 
pH and CQ, content were determined in several experi 
ments. Clearances were calculated by standard methods 

In the subjects in Group Ib, the maximum osmolality 
of the urine was measured before the salt-free diet was 
instituted. As in the preparation for an experiment, five 
units of Pitressin® in oil was administered the night be 
fore and the patient was subsequently deprived of all food 
and water for 16 to 18 hours. The following morning 
urine specimens were collected at 7 and & a.m. for the 
measurement of total osmolality 

Three normal subjects were exposed to identical ex 
perimental protocols but failed to sustain a measurable 
fall in glomerular filtration rate This group, there 
fore, served as a control for the three experimental groups 
studied in which each subject underwent a fall in glo 
merular filtration rate of at least 20 per cent 

Osmolality was measured with a Bowman-Aminco 
freezing point depression apparatus (9). Sodium and 
potassium concentrations were determined with an intern- 
ally standardized flame photometer, chloride by the 
Whitehorn modification of the Volhard method (10), 
urea by the micro-method of Steinitz using Conway units 
(11), inulin by Schreiner’s method (12), and PAH by 


the method of Smith and co-workers (13) 


RESULTS 


During the three control periods in all of the 
experimental subjects, the urine osmolality tended 
to rise slightly. The mean increment per control 
period equalled 10 mOsm. per L. but the maximum 
increase in urine osmolality throughout the pre- 
hypotensive periods did not exceed 40 mOsm. per 
I. Accordingly, the separate control osmolalities, 
as well as the other separate control modalities 
measured, were averaged and presented as one 
control figure in Tables | through IV. In the 
three subjects in whom the GFR was not reduced 
10 per cent or more, the urine osmolality contin 
ued to rise slightly at a rate not appreciably dif- 
ferent from that noted during the prehypotensive 

This drug was generously supplied by the G. D 
Searle Co., Chicago, Ill., through Dr. Irwin C. Winter, 


Clinical Director 
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periods (Table 1). In these subjects, no appreci- 
able changes occurred in the rate of urea or elec- 
trolyte excretion. 

In eight normal subjects * maintained on a regu- 
lar salt intake, the hypotension produced a fall in 
(Table Il). 


generally achieved during the second experimental 


filtration rate The maximum fall, 
period, averaged 47 per cent and ranged between 


37 and 77 per cent. In association with this 
change, there was a consistent decrease in urine 
flow from an average of 0.68 ml. per minute to 
0.14 ml. per minute. In each subject in whom the 
filtration rate was reduced, there was a consistent 
drop in urine osmolality averaging 91 mOsm. per 
lL. or approximately 11 per cent of control solute 
(Table Il). These falls 


solute concentration occurred regardless of the de- 


concentrations in total 
gree of urine hypertonicity achieved during the 
control period. In four of the eight subjects a 
slight increase in urine osmolality was detected in 
the first experimental period prior to the maximum 
fallin glomerular filtration rate. The total rate of 
solute excretion declined proportionately more 


than the coincident decrease in filtration § rate 


(Table IT). 
in the urine fell markedly, averaging 55 and 46 


Sodium and chloride concentrations 
per cent, respectively (Table 11). In association 
with the pronounced decrease in urine flow, the 
rate of sodium and chloride excretion fell almost 
1) per cent. Simultaneously, there occurred a con- 
sistent increase in the potassium concentration of 
the urine ranging from 13 to 87 per cent and av- 
eraging 39 per cent (Table Il). The rate of po- 
tassium excretion, however, fell slightly more than 


60 per cent or considerably less than the coinci 


dent decrement in chloride excretion. In four 
subjects, in whom it was measured, the reduction 
in filtration rate produced a decrease in urine pH 
and CQ, content. 

During the period of reduced filtration rate, the 
urea concentration fell consistently, the decline 
ranging between 14 and 80 mOsm. per [L. and 
averaging 34 mOsm. per L. (Table IT). Accord- 
ingly there occurred a considerable fall in the rate 
of urea excretion and in the ratios of the urea to 


This 


from a control average of 0.17 to 0.06 (Table IT). 


inulin clearance. latter ratio diminished 


2“Normal” is used only to denote the absence of any 


clinical or hemodynamic evidence of renal disease 
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Fic. 1. 
FOLLOWING A FALL IN 


Wirnout 


CHANGES IN URINE SOLUTE CONCENTRATION 


FILTRATION RATE IN Hypropenk 


SUBJECTS RENAL DISEASE 
The typical change in the solute concentration 
of the urine effected by a fall in filtration rate is 


presented in Figure 1. There occurred a con- 
siderable fall in salt concentration, a lesser decrease 
in the fraction composed of urea and a moderate 
rise in potassium concentration and in the concen- 
tration of the nonmeasured solute. 

In the six subjects maintained on salt-free diets 
and treated with salt-retaining hormone, the hy 
potension produced a fall in filtration rate averag- 
ing 41 per cent and ranging from 27 to 59 per cent 
(Table IIT). 


trol rates of urine flow were considerably lower, 


Compared with Group Ia, the con- 


averaging 0.21 ml. per minute and falling to 0.11 
ml. per minute (Table III). As in the previous 
experimental group there was a consistent fall in 
urine osmolality averaging 62 mOsm. per L. or 9 
per cent of the control solute concentration (Table 


IIT). 


obtained on the experimental day did not differ 


The control maximum urine osmolalities 
appreciably from similar measurements performed 
prior to the institution of the special diet and hor 
(Table IIT) 


changes in salt concentration and the rate of salt 


mone therapy The proportional 
excretion were similar to those observed in Group 
Ia but the control rates of salt excretion were so 
low that the absolute changes tended to be small. 
Changes in potassium excretion were similar to 
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those noted in Group Ia. As in Group Ia there 
occurred a consistent fall in urine urea concen- 
tration averaging 26 mOsm. per L. (Table IIT). 
However, the decrease in urea to inulin clearance 
ratio was not as marked as those reported above 
(Table IIT). 

In seven patients with renal failure, comparable 
periods of experimental hypotension produced a 
maximum fall in filtration rate averaging 67 per 
cent (Table IV). The control rates of urine flow 
were considerably higher than that in the previous 
groups, averaging 1.14 ml. per minute and falling 
to 0.19 ml. per minute. The changes in urinary 
osmolality differed from those observed in the 
previous groups. In five patients, there was a 
slight increase in urine osmolality whereas two 
showed the falls characteristic of the normal sub- 
(Table IV). 
groups a much higher percentage of the filtered 


jects Compared to the normal 


solute and chloride was excreted in the urine 
(averages of 11 and 6 per cent, respectively ). 
After the filtration 
curred a very conspicuous fall in the concentration 


(Table IV) so that 


rate was reduced, there oc- 


and rate of excretion of salt 


the percentage of the filtered salt load excreted 


in the urine more closely approached this com- 
parable fraction observed during the control pe- 
riods in the normal subjects. The changes in the 
concentration and rate of excretion of potassium 
were very similar to those observed in the normal 
groups (Table IV). 

The changes in urea concentration corresponded 
to those of total solute concentration, five patients 
showing a slight increase in urea concentration and 
two a moderate decline (Table IV). The ratio 
between the urea and inulin clearance in this group 
far exceeded that noted in the normal groups and 
averaged 0.57 (Table III). Following the fall in 
filtration rate, this ratio decreased considerably 
but hardly reached the control ratio observed in 
the normal subjects. 

Typical changes in the solute composition of 
the urine in a uremic subject in whom filtration 
rate was reduced are presented in Figure 2. The 
slight increase in total solute concentration is as- 
sociated with a slight increase in urea and _ potas- 
sium concentration but a marked fall in salt con- 
centration. 

In all three groups, the proportionate fall in 
PAH clearance was similar to that of the inulin 
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Fig. 2. CHANGES IN 


FOLLOWING A FALL IN FILTRATION RATE IN HypropENt 


SUBJECTS WITH FRANK RENAL FAILUuRI 
clearance so that the filtration fraction remained 
unchanged. 

In Groups la and Ib the filtration rate tended to 
return toward control values in the final experi 
mental period (Tables I and II). This increase 
was often associated with a substantial rise in the 
urine osmolality toward, and even above, the 


control concentrations (Tables IT and IIT). 


DISCUSSION 


On the basis of the data presented, it seems evi 
dent that 14 subjects in the normal group, both on 
the salt-free and on the regular diets, sustained a 
diminution in GFR ranging between 30 and 50 per 
cent which persisted for at least one hour. A] 
though the absolute GFR measurements in_ the 
subjects with frank renal failure may have limited 
value, it appears that these subjects underwent a 
percentile fall in filtration rate at least as great as 
that recorded in the normal subjects. 

secause of the low rates of urine flow, particu 
larly during the hypotensive periods, the meas 
ured urinary concentrations represent parameters 
from urine that was formed some time prior to 
collection. Consequently, the observed osmolali 
ties probably correspond best to the filtration rate 
recorded during the preceding period. Through 
out the control periods, the urine osmolality tended 
to rise slightly because of continuing fluid depri 
vation and Pitressin® administration. This small 
but progressive rise in urine osmolality was par 


ticularly evident in those subjects in whom the ex 
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perimental conditions failed to induce a fall in 
GFR (Table I). This 
urine concentration prior to the fall in filtration 
consistent fall in 
urine osmolality noted in those normal subjects 


gradual increment in 


rate tends to underscore the 
in whom the GFR was reduced. 


According to present concepts of renal function, 


a fall in filtration rate in hydropenic, Pitressin®- 


infused subjects should enhance maximum back 
diffusion of water from the distal convoluted tu- 
bule assuring a peak concentration equal to serum 
osmolality (7, 8, 14-16). 
ulus appreciably reduces the water and solute load 


Furthermore, this stim- 
reaching the collecting duct. The continued ex- 
traction of solute-free water at this concentrating 
segment might therefore be expected to increase 
the urine osmolality to its maximum. Such an in- 
crease was observed in the first experimental pe- 
riod of several normal subjects (Tables IIT and IT, 
Figure 3).° That these experimental conditions 
ultimately effected a fall in urine osmolality in all 
the normal subjects in whom the GFR was reduced 
(Figure 3) suggests that a considerable reduction 
in the rate of filtration of solute diminished the 
efficiency of the concentrating segment. 
Considerable evidence suggests that urine is 
concentrated in the collecting duct by the flow of 
tubular fluid past a hypertonic medullary inter- 
stitial fluid (15, 16). 


ute, particularly sodium, is actively transferred 


According to this view, sol- 


into this site by a process, the exact mechanism of 
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8In fact, this inconstant increase in urine osmolality 
may simply reflect the continuing slight increase in urine 
osmolality noted during the control periods (Table I) 
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which remains uncertain (15-17). Of equal rele- 
vance to this hypothesis is the presence in the 
medulla of a rich hairpin capillary plexus which 
creates a counter-current circulation tending to 
trap whatever solute is deposited in this site (16, 
17). 

The reduction in renal and presumably medul- 
lary blood flow produced in these experiments 
might be the factor responsible for reducing the 
concentration of the urine. However, if medullary 
ischemia does prevent the elaboration of a maxi- 
mally concentrated urine, it would be difficult to 
explain the slight increase in urine solute con- 
centration noted in the majority of the uremic sub- 
jects. Furthermore this hypothesis would not 
concur with the reported increase in urine concen- 
tration produced by a comparable stimulus in dog 
18). In 
terms of the counter-current hypothesis, a reduc- 


and man with diabetes insipidus (6, 7, 


tion in medullary flow should enhance the solute 
trapping effect and thereby increase the quantity 
of solute confined within the medulla and the os- 
molality of the urine (17). 

It is conceivable that a fall in filtered load so 
reduces the quantity of sodium escaping absorp 
tion by the proximal tubule that the amount re- 
maining for transfer into the medulla is too small 
In the 
subjects in Group Ib, the combination of dietary 


to achieve maximum urine concentration. 


sodium restriction and the administration of a 


potent sodium retaining hormone probably re- 
duced the quantity of sodium escaping proximal 


reabsorption. Nevertheless, these subjects were 


able to concentrate their urine to a degree compara- 


ble to that achieved prior to sodium restriction. 
When the filtration rate was reduced in these pa- 
tients, further depressing the flow of sodium be- 
yond the proximal tubule, the falls in urine osmo 
lality were not significantly different from those 
observed in the untreated subjects. This finding 
suggests that the decrease in filtration rate did not 
appreciably limit the quantity of sodium available 
for transfer into the medulla. These considera- 


tions tend to rule out renal ischemia and a di- 
minished filtered sodium load as the explanation 
for the observed fall in urine osmolality in these 
experiments. 

Another solute which accumulates in the hyper- 
tonic medulla is urea. Presumably urea enters 


this site by a process of passive diffusion, the rate 
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of which is dependent upon the concentration 
gradient between fluid in the collecting tubule and 
that in the medulla (17). 


duced, in large part, by the rapid outward diffusion 


This gradient is pro- 


of water as the tubular fluid enters the area of 
medullary hypertonicity. A fall in filtration rate 
with continued back diffusion of urea throughout 
the length of the tubule markedly reduces the clear- 
ance ratios of urea to inulin and, accordingly, the 
quantity of urea entering the concentrating seg- 
ment. The rate of back diffusion of urea at this 
site would therefore be considerably reduced and 
the effect on total medullary osmolality would be 
As the concentration at this 


diminished. urea 


medullary site falls, the back diffusion of what- 


ever tubular urea reaches it would be more com- 
plete. Because the rate of total solute and urea 
entering this segment is much reduced, the con- 
tinued back diffusion of urea at the concentrating 
segment or any more distal site would effect a 
more conspicuous fall in total solute concentration 
of the urine.*| The combined effect of a fall in the 
rate of back diffusion of urea on total medullary 
concentration and of the continuing back diffusion 
of urea at, or distal to, the concentrating segment 
would explain the net fall in urine solute and urea 


concentration observed in normal subjects. 

* Since these experiments were completed, levinsky 
and Berliner have shown that a small concentrated vol 
ume of urine left in the bladder for 30 minutes may lose 
a considerable fraction of its urea, presumably, via a 
(19). While 
determined fraction of the total fall in urine osmolality 
the 


process of passive back diffusion an un- 


noted in these experiments may result from con 
tinuing back diffusion of urea at the concentrating seg- 
ment or any site distal thereto, it is difficult to ascribe the 
entire drop in osmolality to the back diffusion of urea in 
the bladder per se. 


bladder was constantly drained and emptied so that each 


During the hypotensive period, the 


period could be terminated soon as 6 ml. of urine 


as 


was obtained. Consequently, the urine was not per 


mitted to lie in contact with the bladder mucosa for more 
than five minutes. Furthermore, in the uremic subjects 
where the same back diffusion of bladder urea would be 
expected, the urine urea concentration rose during the 
period of hypotension. Regardless of the length of the 
period of urine collection, no fall in urine osmolality or 
urea concentration occurred during any control period 
or any experimental period not preceded by a considerable 
fall in glomerular filtration rate. 


perimental period in which a fall in urine osmolality 


Finally, in each ex- 


occurred, this decrease exceeded the simultaneous drop 
in urinary concentration of urea. 
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Many reports in the literature attest to the role 
of high protein and urea loads in producing maxi- 
The 


fall in urine osmolality effected by protein and 


mum concentration of the urine (20-22). 


urea deprivation may to some extent relate to the 
reduced urea loads available for back diffusion in 
the collecting duct. 

This hypothesis, proposed to explain the changes 
in the normal subject, is in accord with the op 
posite changes in urine solute concentration noted 
in the patients with renal failure. The relatively 
larger quantities of filtered urea excreted, as evi 
dent in the high urea to inulin clearance ratios, 
tend to impose an osmotic diuresis on the oper- 
ating nephrons. This circumstance assures that 
a relatively good urea load may reach the collecting 
The effects of 
the fall in urea load on the concentrating segment 


duct after the fall in filtration rate. 
would therefore be muted. Further, the osmotic 
diuresis in the uremic patient may, even with a 
Pitressin® infusion, prevent maximum back dif 
fusion of distal tubular water (8). The increment 
in the distal tubular fluid concentration effected by 
a reduced rate of flow might tend to obscure the 
simultaneous reduction in the efficiency of the 
concentrating segment. This dual effect may re 
solve the discrepancy between a net increase in 
a fall filtra 


tion rate in diabetes insipidus dogs with the failure 


urine concentration produced by in 
in these same experiments to produce a maximally 
concentrated urine (7). 

It has been reported that in the dog comparable 
experiments produced similar but more marked 


25\). 


falls in urine concentration ( These experi 
ments differ from those reported here in that much 
more sizeable reductions in filtration rate were 
attainable in the experimental animal 

The fall in urine concentration recorded in these 
experiments seems best explained by, and there 
fore supports, the hypothesis that urime is con 
centrated by the flow of tubular fluid past an area 
of medullary hypertonicity. However, these data 
may also be explained in other terms. It 1s con 
ceivable, for example, that the fall in urine solute 
concentration might be related to a reduction in 
blood supply to separate populations of nephrons 
The reduced renal perfusion precipitated by ex 
perimental hypotension may eliminate filtration in 
those nephrons dipping deeply into the medulla 


and supply blood only to those with shorter tu 
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bules producing a more dilute urine. It has also 
heen suggested that the remaining nephrons in op- 
eration may be exposed to an increased filtered 
load and act as if under the influence of an osmotic 
diuresis with a reduction in urine osmolality (24). 

The fact that considerable falls in filtration rate 
may occur without any measurable fall in glucose 
Tm argues against the possibility that any appreci- 
able number of nephrons have been cut out of cir- 
(25). 


pothesis, the fall of 90 to 95 per cent in salt ex- 


culation According to this alternate hy 

cretion associated with a 50 per cent fall in filtra- 
tion rate would demand that half of the operating 
nephrons normally excrete only 5 to 10 per cent of 
the salt. 
nephrons remaining in operation represent those 


This seems unlikely, particularly if the 


with the shortest tubules and least opportunity for 
salt reabsorption. That the operating nephrons 
are subject to a solute diuresis 1s not borne out by 
the proportionately greater fall in solute excre 
tion than in filtration rate (Tables II, II]). It is 
therefore difficult to explain these observed changes 
in solute and water excretion on the basis of al- 
terations in the nephron population remaining in 
operation. It seems instead that some reduction 
in filtration rate was produced in virtually all 
glomeruli—an assumption inherent in the original 
hypothesis. 

Proportionately large falls in salt excretion fol 
lowing a reduction in the filtration rate of normal 
man and dog have been previously recorded (26 
8). This conspicuous change has been attributed 
to the prolonged contact of the glomerular filtrate 
the salt The 


changes in the rate of potassium excretion has 


with absorbing tubules. lesser 


likewise been emphasized. It has been argued 
that the rate of potassium excretion plunges only 
when the quantity of sodium available to the distal 
or exchanging segment begins to fall appreciably 
(29). The data in the normal subjects following 
a fall in filtration rate are in accord with these 
previous observations and hypotheses. 

Similar changes in salt and potassium excre 
tion following a comparable stimulus in- uremic 
subjects suggest that the operating nephrons re 
tain the capacity for considerable salt absorption. 


The failure of the uremic subjects to absorb com- 


parable fractions of the filtered load therefore 


seems to stem from an osmotic diuresis imposed 
hy the urea load or by a glomerular preponderance 
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in the remaining nephrons (30). The elimination 
of the glomerular-tubular imbalance in these sub- 
jects then leads to a more complete reabsorption 
of filtered salt similar to that noted in the normals. 


SUM MARY 


1. Glomerular filtration rate was reduced at 
least 50 per cent for one to two hours in three 
groups of hydropenic subjects. These three groups 
consisted, respectively, of subjects without renal 
disease on normal salt intakes, similar subjects 
on salt-free diets treated with salt-retaining hor- 
mone, and patients with frank renal failure. 

2. In each of the first two groups, comparable 
falls in filtration rate produced decreases in total 
urine osmolality averaging 10 per cent. In the 
majority of the subjects with renal failure, a fall 
in filtration rate produced a slight increase in urine 
osmolality. 

3. In all three groups, the fall in filtration rate 
Was associated with a marked drop in the rate of 
water and salt excretion, but with a lesser fall in 


the rate of potassium excretion. 
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The addition of hemoglobin to plasma is ac- 
companied by a number of physiochemical and 
Inologic reactions. Among the important reactions 
which may occur is the interaction of hemoglobin 
with one or more of the plasma proteins in which 
hemoglobin forms a complex with, and becomes 
bound to, plasma protein. This phenomenon was 
tirst described by Polonovski and Jayle (2-4), and 
has been studied extensively (5,6). To the pro- 
tein (or proteins) having the property of binding 
hemoglobin Polonovski and Jayle gave the name 
haptoglobin (7). The identification of this pro- 
tein(s) has not been definitely established, but 
tentative evidence suggests that it may be an a, 
globulin (5,6). Utilizing im vitro and titra-metric 
techniques, Jayle and Conas (5) and others (6) 
have observed that plasma protein is capable of 
Iinding hemoglobin in concentrations up to ap 
proximately 150 mg. per cent ; at concentrations in 
excess of this, additional binding does not occur. 
This limitation of binding capacity was later ob 
served by Laurell and Nyman (8) and Allison and 
ap Rees (9) who used paper electrophoretic tech 
niques and who also demonstrated that hemoglobin 
appeared in plasma in the free, unbound state when 
added in vitro in amounts which exceeded the 
maximal binding capacity. 

The quantitative aspects of hemoglobin binding 
im vitro and of the relationships between binding 
capacity and the appearance of free hemoglobin 
have been established (8,9). However, the meth- 


ods available have not been suitable for im vivo 
studies and, consequently, quantitative information 
concerning these phenomena and the distribution 


of hemoglobin in circulating plasma is lacking. 
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It was the purpose of the present study to provide 
such information. To this end an electrophoretic 
method was developed for the quantitative analysis 
of free and protein-bound hemoglobin concentra- 
tions in plasma. Using this method, a study was 


made of the electrophoretic characteristics of 


plasma hemoglobin and of the distribution and 


transport of intravenously administered hemo 


globin 
METHODS 
The total hemoglobin concentration in plasma was de 
The 
relative concentrations of free hemoglobin, protein-bound 


hemoglobin (PBH), deter 


mined hy photometric analysis of benzidine-stained filter 


termined by the method of Evelyn and Malloy (10). 


and methemalbumin were 
paper strips following separation of the individual heme 
protein fractions by paper electrophoresis 

Paper electrophoresis. 


ployed in which 10 ul 


Standard techniques were em 
of plasma containing hemoglobin 
was subjected to overnight electrophoresis (5 ma., 110 
volts) in a Durrum type cell employing hanging filter 
(Whatman No. 3). Two different buffer 
solutions used: 1) veronal buffer, pH 8.6, ionic 
strength, 0.075, and 2) sodium phosphate buffer, pH 7.0, 


paper strips 
were 
ionic strength, 0.05. For quantitative studies the phos 
phate buffer was routinely used 

Staming. The property of hemoglobin to catalyze the 
oxidation of benzidine into its colored, quinoid derivative 
in the presence of hydrogen peroxide was utilized for 
staining the separated hemoglobin fractions. On com 
pletion of electrophoresis the paper strips were placed in 
order to fix the 


an oven at 120° C. for 30 minutes in 


hemoglobin to the paper. After removal from the oven, 
the filter paper strips were individually immersed in a 
solution of 1 or 2 per cent benzidine in 20 per cent acetic 
acid which was prepared fresh each day. The strength of 
the benzidine employed varied with the hemoglobin con 
centration. At hemoglobin concentrations less than 200 


mg. per cent, 2 per cent higher 


When 


(immersion for 15 


benzidine was used; at 


concentrations 1 per cent benzidine was employed. 


thoroughly saturated with benzidine 


to 30 seconds) the paper strips were removed and were 


blotted thoroughly to remove excess benzidine. They 
‘ 


were then immediately immersed, again individually, in 
a freshly prepared solution of 3 per cent hydrogen peroxide 
saturated 


in water. The paper strips were thoroughly 
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with peroxide but were not immersed for longer than 30 
seconds since progressive elution of oxidized benzidine 
from the paper occurred during immersion for longer 
periods. On removal from hydrogen peroxide the strips 
were rinsed quickly with distilled water to remove ex- 
cess peroxide and were partially dried by blotting. The 
paper strips used for quantitative studies were set aside 
to allow the oxidation of benzidine to reach a maximum 
before photometric analysis was made. This required 
approximately five to seven minutes. 

Quantitative analysis. When the oxidation of benzidine 
was complete and color intensity reached a maximum, 
measurements of the light absorption of the stained frac- 
were made. The damp filter paper strips were 
placed in a clear, celluloid envelope and were inserted 
in an automatic recording densitometer (Spinco Analy- 
trol) for scanning. The celluloid envelope was used to 
prevent sticking or tearing of the damp filter paper dur- 
ing scanning. Using a 500 mw interference filter, the 
light absorption of the stained paper strips was recorded 
automatically and measured. Using these measurements, 
the relative concentrations of free hemoglobin, PBH and 
methemalbumin were computed. The absolute concen- 
trations of these fractions were calculated from the rela- 
were 


tions 


when these related to the 


determined total hemoglobin concentration. 


tive concentrations 


EXPERIMENTAL PROCEDURE 


Hemoglobin was administered intravenously in either 
single or multiple injections to 13 healthy, fasting adult 
subjects who showed no evidence of cardiovascular, in- 
fectious, hematologic or renal disease. Hemoglobin was 
prepared from autogenous blood which was withdrawn in 
heparinized syringes and hemolyzed by the addition of 2.5 
volumes of distilled water to each volume of whole blood. 
Using a blood transfusion set to prevent the introduction 
of clots, a total of approximately 14 to 16 Gm. of hemo- 
globin was administered as a 5 per cent solution. In 10 
subjects this amount of hemoglobin was given over a two 
or three hour period in seven to nine evenly spaced in- 
jections, each injection containing approximately 2 Gm. 
of hemoglobin. In three subjects hemoglobin (14 to 16 
Gm.) was administered in a single injection over a pe- 
riod of 30 minutes. Arterial blood samples were taken 
every 20 to 30 minutes following the initial injection and 
all subsequent injections, if given, over a period of from 
two to six hours. Blood was collected carefully in dry 
syringes utilizing the pressure of the arterial flow, care 
being taken to avoid hemolysis, and was placed in he- 
parinized tubes, mixed gently and centrifuged. Following 
centrifugation the plasma was separated and was frozen 
10° C, 
tent could be made. 


and stored at until analysis for hemoglobin con- 
OBSERVATIONS AND RESULTS 
Electrophoretic characteristics 
Plasma hemoglobin was separated electropho- 


retically into two components: free hemoglobin 
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and protein-bound hemoglobin (PBH). The 
electrophoretic characteristics of these heme-pro- 
teins and their positional relationships to plasma 
proteins at pH 8.6 and at pH 7.0 are illustrated in 
At pH 8.6 free he- 
moglobin migrated between a, and 8 globulin and 
PBH migrated with, or slightly slower than, a, 
At pH 7.0 free hemoglobin did not mi- 


Figures 1 and 2, respectively. 


globulin. 
grate but remained at the site of application of the 
sample to the paper, assuming a position to the 
cathode side of the application site as a result of 
endosmotic flow. At this pH, PBH migrated with 
a, globulin. These electrophoretic characteristics 
are similar to those previously described (8, 9, 11, 
12). 

In addition to free and protein-bound hemo- 
globin, a third benzidine reacting material was 
separated electrophoretically. This fraction, tenta- 
tively identified as methemalbumin, migrated with 
albumin at pH 8.6 and 7.0 (Figures 1 and 2). 

The identification of these fractions as free he- 
moglobin, PBH, and methemalbumin, respectively, 
was based upon the following considerations : 

Free hemoglobin. a) The electrophoretic char- 
acteristics of this moiety were similar to those of 
preparations of hemoglobin in aqueous solution 
which were studied under similar conditions and 
are those to be expected of unbound hemoglobin 
with an isoelectric point of 6.9 (8); b) The glo- 
merulus is permeable to this fraction which is ex- 
creted in the urine (13), indicating that it is dif 
fusible and suggesting that it circulates in the free, 
unbound state. 

The 


phoretic characteristics of this moiety were simi- 


Protein-bound hemoglobin. a) electro 
lar to those of protein-bound hemoglobin as de 
scribed by Smithies and Walker (11, 12), Laurell 
and Nyman (8) and Allison and ap Rees (9), and 
are those to be expected of hemoglobin which is 
believed to be bound by a, globulin (5); >) The 
demonstration, as described below, of a limiting, 
maximal concentration of this fraction, with the 
appearance of another moiety (free hemoglobin ) at 
higher hemoglobin concentrations, 1s consistent 
with a protein-binding reaction as has been de 
scribed for other constituents of plasma (14); ¢) 
This fraction is not excreted in the urine (13), an 
with hemoglobin binding 


observation consistent 


by a large-sized plasma protein to which the glo 


merulus iS impermeable ; d) The absorption spec 
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trum of this fraction (Figure 3) was similar to 
that of oxyhemoglobin (15), suggesting that the 
benzidine reacting material which is bound to 
plasma protein is hemoglobin and not a derivative 
thereof. 

Methemalbumin. The 
moiety, which migrated with albumin at pH 8.6 
and 7.0, as methemalbumin was based upon its 
These character- 


identification of this 


electrophoretic characteristics. 
istics were similar to those of preparations of 
methemalbumin (acid hematin plus albumin) 
which were studied under similar electrophoretic 
conditions. Attempts at a more definitive identifi- 
cation by demonstration of the characteristic ab- 
sorption spectrum of methemalbumin were unsuc- 
cessful, presumably because the concentrations in- 
volved were too small to detect spectroscopically. 

A distinct electrophoretic separation was con- 
sistently obtained between free hemoglobin, PBH 
and methemalbumin at both pH 7.0 and 8.6. 
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However, a greater separation was obtained be- 
tween free and protein-bound hemoglobin at pH 
7.0 owing to the stationary position of free hemo- 
globin at this pH. For this reason pH 7.0 was 
selected for routine quantitative analysis. An- 
other factor in the selection of this pH for quan- 
titative studies was that identification of the sepa- 
rated fractions was further simplified owing to 
the appearance of protein-bound hemoglobin as a 
single, easily recognizable broad band at pH 7.0, 
whereas at pH 8.6 PBH often appeared in double 
bands (Figure 1), the slowest moving of which 
was in close proximity to free hemoglobin. The 
appearance of PBH in multiple bands [up to four 
have been described using in vitro techniques and 
starch electrophoresis (9, 11, 12)] has been at- 
tributed to genetically determined differences of 
the protein(s) having the property of binding he- 
moglobin (11, 12). The merging of separate 
bands of PBH into a single homogenous fraction 
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ProTeIns AT PH 8.6 


The upper strip, stained with benzidine, shows the position of free hemoglobin, protein-bound 


hemoglobin (PBH), and methemalbumin. 


At this pH, PBH appeared as a double band. 


The 


lower strip shows schematically the positions of plasma proteins as determined by staining with 


bromphenol blue. 
the anode, 


The arrow refers to the application site and direction of movement towards 
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Fic. 2. THe ELECTROPHORETIC CHARACTERISTICS OF PLASMA HEMOGLOBIN AND PLASMA 
PROTEINS AT PH 7.0 


At this pH, free hemoglobin assumed a position to the cathode side of the application site 


owing to endosmotic flow. 


at pH 7.0 may be attributed to a general reduction 
in electrophoretic resolution at this pH. 


Staining characteristics 


The blue color imparted to the filter paper strips 
appeared in the areas of the paper containing he- 
moglobin (or methemalbumin) within a few sec- 
onds after immersing the benzidine-saturated pa- 
per in hydrogen peroxide. The intensity of the 
color increased progressively with time after re- 
moval of the strips from peroxide, reaching a maxi- 
mum in all fractions in from five to seven min- 
After this 
time interval the color remained stable for 10 to 


utes, as determined photometrically. 


15 minutes, during which time measurements of 
light absorption were made. After 15 to 30 min- 
utes the background of the paper became discolored 
as a result of the decomposition of benzidine and 
photometric measurements were no longer pos- 
sible. 

The relative intensities of the three fractions did 


not change with variations in the exposure time to 


PBH appeared as a single homogenous band. 


benzidine or hydrogen peroxide or with variable 
concentrations of these reagents as employed. The 
color intensity of each fraction was greater when 
2 per cent benzidine was used as compared with 1 
per cent, but the relative intensities of the three 
fractions did not change. Similarly, variability 
was encountered from day to day in the intensity 
of the color reaction obtained, but each fraction 
varied in a similar manner and the relative inten- 
sities remained unchanged. The factors account- 
ing for this day to day variability were not estab 
lished, but in view of the sensitive nature of the 
catalytic reaction involved in the oxidative trans 
formation of benzidine, numerous factors may have 
contributed, such as minor variations in tempera- 
ture, exposure time, saturation of the paper and 
concentration of the reagents employed. 

During the development of color a slow diffu 
sion of oxidized benzidine occurred through the 
wet filter paper. Such diffusion did not obscure 
the background between the separated fractions 
and had ceased at the time of photometric measure 


ments when partial drying had taken place. 
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Fic. ; ABSORPTION SPECTRUM OF PROTEIN-BOUND 


HEMOGLOBIN 
The peaks at 543 and 583 my are characteristic of 
determined at a 
(418 mz) 
The ordinate refers to 


oxyhemoglobin. These peaks were 


plasma dilution of 1:1; the Soret band was 
determined at a dilution of 1: 7. 
the distance (cm.) of the excursion of the recording pen 
above the baseline, which was a function of extinction of 


light. 


Quantitative analysis 


The characteristic curves obtained when the light 
absorption of the benzidine stained paper strips 
was measured are illustrated in Figure 4. In or- 
der to establish the validity of the use of these 
curves for the determination of the relative con- 
centrations of free hemoglobin, PBH and methe- 
malbumin, studies were made of the relationship 
between hemoglobin concentration and the color 
The 


purpose of these studies was twofold: a) to de- 


intensity of the benzidine stained fractions. 


termine if the relationship between hemoglobin 
content and color intensity, as determined by light 
absorption, was linear, and }) to determine if the 
relationship between hemoglobin content and light 
absorption was the same for free hemoglobin, 
PBH and methemalbumin. 

In order to study the first of these relationships, 
known concentrations of hemoglobin in aqueous 
solution were applied to filter paper, color was de- 
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CURVES OF THE LIGHT ABSORPTION OF BENZIDINE- 
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kic. 4. 


FRACTIONS 


veloped with benzidine and hydrogen peroxide in 
the usual manner, and photometric measurements 
were made. At concentrations of hemoglobin of 


12.5 to 200 mg. per cent, the relationship between 
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Fic. 5. RELATIONSHIP 





BETWEEN THE CONCENTRATION 


OF FREE HEMOGLOBIN AND LIGHT ABSORPTION FOLLOWING 


STAINING WITH BENZIDINE-HypDROGEN PEROXIDE. 


Hemoglobin was applied to a filter paper strip in con- 


centrations of 12.5 to 200 mg. per cent. The numbers 


within the enclosed box represent hemoglobin concen- 


trations. The curves represent recorded measurements 


of the light absorption of the respective hemoglobin con- 


centrations following staining with benzidine-hydrogen 


peroxide. The height of these curves is expressed as 


the distance (cm.) of the excursion of the recording pen 


above the baseline. The area under each curve is ex- 


pressed as “area—cm.*” The diagonal line is a plot of 


the concentration of hemoglobin against the area under the 


respective curve of light absorption. The relationship 


shown between concentration and light absorption is 


linear. 
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concentration and light absorption was linear (Fig- 
ure 5), indicating that the color intensity of the 
benzidine oxidatively transformed was directly 
proportional to the content of hemoglobin on 
paper. 

In order to compare the relationship between 
hemoglobin concentration and light absorption for 
free and protein-bound hemoglobin, the following 
study was made. Hemoglobin was added to 
plasma in vitro in increments of from 2 to 5 mg. 
per cent over a concentration range of 80 to 240 
mg. per cent. Following incubation of plasma at 
37° C. 


trophoresis, staining and photometric analysis were 


in order to promote protein-binding, elec- 
carried out in the usual manner. Protein-binding 
Was maximal in this experiment at a hemoglobin 
concentration of 112 mg. per cent. At concentra- 
tions greater than 112 mg. per cent, free hemo- 
As- 


suming that the concentration of PBH remained 


globin appeared in increasing concentrations. 


at 112 mg. per cent at all concentrations in excess 
of this maximal binding capacity, the concentration 
of free hemoglobin at these higher (112 to 240 mg. 
per cent) concentrations was calculated as the dif- 
ference between the known total hemoglobin con- 
centration and the concentration of PBH (112 mg. 
per cent). Knowing, therefore, the actual con- 
centrations of free and protein-bound hemoglobin, 
the light absorption of each fraction was measured 
and compared at each concentration studied. Fig- 
ure 6 illustrates that at all concentrations studied 
the relationship between hemoglobin concentration 
and light absorption of the oxidized benzidine 


bands was linear and was the same for free and 


EXTRACORPUSCULAR HEMOGLOBIN IN 


PLASMA 
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Fic. 6. RELATIONSHIP BETWEEN 
Licht ABSORPTION (BENZIDINE STAIN) OF FREE 


GLOBIN RELATIVE TO ProTtEIN-BouND HEMOGLOBIN 


AND 


The concentration of free hemoglobin relative to the 


concentration of protein-bound hemoglobin is plotted 


against the respective ratios of the light absorption of 
these constituents (when stained with benzidine) at each 
ratio of concentrations studied. The straight line rela- 
tionship shown indicates that the relationship between 
for tree 


‘oncentration and light absorption is the same 


and protein-bound hemoglobin 


the 
and protein-bound hemo- 


protein-bound hemoglobin. Calculations of 


concentrations of free 
the photometric tech- 


globin as determined by 


g! 
nique were, therefore, in close agreement with 
the actual concentrations of these 
(Table I). 


A similar study of 


components 


methemalbumin revealed 


that the relationship between concentration and 


TABLE I 


In vitro study of the recovery of free and protein-bound hemoglobin (Hb) as determined by photometric analys 


Free Hb 


Calculated ‘ree 


h i3 12 

0 18 12 
140 28 30 
160 48 44 
180 68 69 
200 88 90 
240 128 128 


1 
I 
1 ; 
12¢ 14 
1 
1 


* Hemoglobin values are expressed as concentration in mg. 


0 1.00 
0 1.00 
1.00 
ii) 
0.93 
0.67 
1.07 
0.92 
1.01 
1.02 
1.00 


Iculated) 


actual) 
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per cent. 
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TABLE II 


In vitro study of the recovery of free hemoglobin (Hb) 
and methemalbumin as determined by 
photometric analysis * 


Free Hb Methemalbumin 


Actual Calculated Actual Calculated 
5 7 5 

10 11 10 

20 20 20 

30 28 30 

40 41 40 


* All values are expressed in mg. per cent. 


light absorption was the same for this heme-protein 
as for free hemoglobin (and, by inference, there- 
PBH). 


methemalbumin, prepared by adding acid hematin 


fore, the same as In this experiment 
to albumin, was mixed with equal concentrations 
of free hemoglobin in aqueous solution over a 
from 5 to 40 


range of concentration of each of 


mg. per cent. The similar relationships between 
light absorption and concentration obtained for 
free hemoglobin and methemalbumin resulted in a 
close agreement found between the actual and cal- 
culated concentrations of these constituents when 
light absorption measurements were used to esti- 
mate concentrations (Table II). 

These experiments therefore satisfactorily es- 
tablished the validity of the quantitative photo- 
metric method as employed. The necessary cri- 
teria for validation were fulfilled: The relationship 
between concentration and light absorption was 
linear and was the same for free hemoglobin, PBH 
and methemalbumin. 

The sensitivity of this quantitative method was 
such that hemoglobin concentration was accurately 
measured within + 5 mg. per cent (Table [). At 
concentrations in excess of 20 mg. per cent the ex 
perimental error of this method, as determined by 
multiple analysis of single samples of plasma, was 
+ 7.0 percent. These figures apply to calculations 
of free hemoglobin, PBH and methemalbumin. 


Application of quantitative method—The distribu- 
tion of intravenously administered hemoglobin 


The distribution of hemoglobin in plasma fol- 
lowing intravenous administration is illustrated by 


representative experiments in Figures 7 and 8. 


These figures illustrate, respectively, the distribu- 


1 


tion of hemoglobin when the plasma level was 
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ic. 7. Tuer DistrIBuTION OF INTRAVENOUSLY ADMINIS- 


TERED HEMOGLOBIN 
At each point in time indicated by an arrow approxi- 
mately 2 Gm. of hemoglobin was given intravenously. 
With time the total hemoglobin concentration progres 
Initially all hemoglobin circulating in 


sively increased. 


plasma was bound to plasma protein. When the maximal 
hinding capacity was exceeded (114 mg. per cent) free 
plasma, the concentration of 


hemoglobin appeared in 


which progressively rose. Accompanying the appearance 
of free hemoglobin, a small quantity of methemalbumin 
vas formed. With time, the concentration of PBH fell 


progressively 
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ic. 8. THe DIstrinpuTION OF HEMOGLOBIN IN PLASMA 


FOLLOWING A SINGLE LARGE INTRAVENOUS INJECTION 

30th free and protein-bound hemoglobin were present 
initially. The concentration of each decreased with time. 
The disappearance of both free and protein-bound hemo 
globin was exponential, but free hemoglobin disappeared 


at a faster rate 
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gradually increased, and the disappearance of he- 
moglobin from plasma following rapid elevation of 
the plasma level. 

When hemoglobin was introduced into circulat- 
ing blood it was immediately and, insofar as could 
be determined, instantaneously bound to plasma 
protein (Figure 7). When small quantities were 
administered, binding was quantitative and hemo- 
globin circulated entirely in the protein-bound 
state. As hemoglobin was given in increasing 
amounts, the quantity bound increased until a 
concentration was attained at which additional he- 
moglobin given was not bound but instead cir- 
culated in the free, unbound state (Figure 7). 
This limiting concentration, which may be con- 
sidered as the maximal binding capacity of the he- 
moglobin-binding protein, varied in individual 
studies from 98 to 171 mg. per cent (Table I11) 
and averaged 128 + 25 mg. per cent. These ca- 
pacities are similar to those observed im vitro by 


TABLE III 


In vivo distribution of hemoglobin (Hb) in plasma * 


I 


ota 
Subject lib 


Free Methem- 
PBH Hb albumin 


ng. % meg. % mg. 


0 0 
210 0 


0 0 
101 5 


0 


111 
2609 60 


107 107 
320 79 


Og 99 
205 43 


98 98 
280 43 


*As determined under conditions of a progressively 
increasing hemoglobin concentration. 1) Refers to the 
hemoglobin concentrations at the maximal binding capac- 
ity of plasma protein for hemoglobin. 2) Refers to the 
final concentrations of hemoglobin at the completion of 
the experiment. 
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Fic. 9. DISAPPEARANCI 


HEMOGLOBIN FROM PLASMA 

These curves, obtained from 10 separate experiments 
under conditions of a progressively increasing total plasma 
hemoglobin concentration, illustrate the initial rise in the 
concentration of PBH to a maximal level with subsequent 


progressive fall in concentration with time 


lLaurell and Nyman (8) and Allison and ap Rees 
(9), 

The limitation imposed by this maximal binding 
capacity resulted in hemoglobin appearing in 
plasma in the free, unbound state when the amount 
of hemoglobin administered was in excess of that 
which could be bound. Under these circum 
stances, a progressive increase occurred in the 
concentration of free hemoglobin circulating in 
plasma as additional hemoglobin was administered 
intravenously. No limitation was imposed upon 
the transport of hemoglobin in the unbound state. 
Concentrations up to 263 mg. per cent were ob 
tained (Table II1). 

\ccompanying this rise in total and free hemo 
globin levels in plasma, the concentration of PBH 
The 


in concentration of PBH oc 


diminished with time (Figure 9). rate at 
which this decrease 
curred varied in individual studies from 6 to 25 
mg. per cent per hour and averaged 15 mg. per 
cent per hour. In five subjects (E.D., P.R., B.K., 
I.R. and V.T.) PBH disappeared from plasma at 
a single exponential rate (T,,,, 250 minutes). In 
the remaining five subjects the disappearance was 
linear and not exponential. The disappearance 
rate, however, was approximately the same in these 
subjects as in those in whom an exponential disap 
pearance occurred. The disappearance of PBH 
from plasma has been studied by Laurell and Ny 
man (8) and was observed by them to be accom 


panied by a parallel decrement in the concentration 
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of a, globulin, suggesting that hemoglobin is re- 
moved from the circulation in combination with the 
protein to which it is bound. Since PBH is not 
excreted in the urine (13) this removal must oc- 
cur at extravascular sites within the body, pre- 

within the reticuloendothelial system 
The capacity of this or other systems to 

PBH established, but 


Laurell and Nyman have suggested that this ca- 


sumably 
(16). 

remove has not been 
pacity may be of a low order of magnitude in view 
of a constant rather than an exponential disap- 
pearance rate as observed by them in two subjects 
(8). 
supposition since the characteristics of the disap- 
The ex- 
Con- 


ceivably, differences in disappearance rates might 


The present observations do not clarify this 


pearance curves were not consistent. 


planation of this inconsistency is not clear. 


occur as a result of differences among individual 
subjects in the characteristics of the hemoglobin- 
binding protein which have been described (11, 
Vay 


curves observed may be artificial owing to an in- 


However, the differences in disappearance 
adequate time of observation. In view of the slow 
disappearance rates, a longer period of observation 
is necessary to establish more clearly the precise 
characteristics of the removal of PDH from 
plasma. 

Accompanying these changés in plasma hemoglo- 
bin, methemalbuminemia was observed in 8 of 10 


studies (Table III). The appearance of methem- 


albuminemia was dependent upon the presence of 


free hemoglobin in plasma. Methemalbumin was 
not formed until the binding capacity was exceeded 
and hemoglobin appeared in the free, unbound 
state (Figure 7). This observation, also made in 
vitro by Allison and ap Rees (9), is consonant 
with the 17) that methemalbumin is 
formed in vivo from heme molecules which are de- 


rived from free but not from protein-bound 


view (9, 


hemoglobin.t. There was, however, no correla- 
tion observed in the present experiments between 
the plasma level of methemalbumin and the con- 
centration of free hemoglobin. When methemal- 
buminemia developed, it did so early, when free 


hemoglobin first appeared, or not at all (Figure 7). 


! Small quantities of methemalbumin were detected in 
plasma containing only PBH after storage in the frozen 
state for longer than two to three months. Thus, heme 
molecules appear to be released from PBH im vitro, but 


not im 7770 
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The quantity of methemalbumin formed was small. 
The plasma levels varied in individual studies from 
5 to 11 mg. per cent (Table III). These levels 
remained relatively constant during the period of 
observation and neither decreased nor increased 
significantly as the level of free hemoglobin 
changed. This suggests that methemalbumin was 
probably formed and removed from the circula- 
tion at a relatively constant rate. 

In Figure 8 a representative experiment is il- 
lustrated of the disappearance from plasma of 
free and protein-bound hemoglobin following rapid 
elevation of the plasma levels of these constituents 
by a single, rapid, intravenous injection of hemo- 
globin. In this and two other similar experiments 
the initial total hemoglobin concentration was 
greater than 200 mg. per cent and both free and 
protein-bound hemoglobin were present in the 
Methemalbuminemia did not oc- 
With time the concen- 
trations of free and protein-bound hemoglobin de- 


initial samples. 
cur in these three studies. 
creased. At the completion of the period of ob- 
servation (five to six hours) the concentration of 
PBH had fallen by 27, 18 and 32 per cent, re- 
spectively, in the three studies and free hemoglobin 
by 62, 82 and 59 per cent. Free hemoglobin disap 
peared from plasma at an exponential rate (aver- 
age T,,,, 207 minutes). The characteristics of the 
disappearance curves of PBH were variable. In 
Subject D.S. (Figure 8), PBH disappeared at a 
slow exponential rate. In the other two subjects, 
the disappearance was constant and was not ex 
as noted above, re- 


ponential. These differences, 


main unexplained. The faster disappearance of 
free hemoglobin (Figure 8) than of PBH may be 
attributed, in part, to its excretion in the urine 
(13) and to its smaller molecular size with conse- 
quent larger volume of distribution in body fluids. 
Whether free and protein-bound hemoglobin are 
removed differentially by the reticuloendothelial or 
other systems remains to be determined. 


SUMMARY 


Utilizing paper electrophoretic techniques, a 
method was developed for the partition and quan- 
tification of plasma hemoglobin. Electrophoreti- 
cally, plasma hemoglobin was separated into a free 
These fractions 
were identified, when benzidine and hydrogen 


and a protein-bound component. 
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peroxide were used for staining purposes, by their 
characteristic positional relationships on paper and 
were quantified by photometric analysis of the 
stained filter paper strips. 


Using these techniques a quantitative study was 
made in human subjects of the distribution and 
transport of intravenously administered hemo- 
globin. The observations made showed that hemo- 
globin was transported in plasma in a protein- 
bound form (PBH) and in a free, unbound state; 
that the binding of hemoglobin by plasma proteins 
was limited to a maximum hemoglobin concentra- 
tion which averaged 128 + 25 mg. per cent; that 
free hemoglobin did not appear in plasma until this 
binding capacity was exceeded ; and that methemal- 
buminemia often developed, but only in association 
with the appearance of free hemoglobinemia. 

From an analysis of rising and falling plasma 
hemoglobin levels, PBH was found to disappear 
slowly from circulating plasma and was distributed 
in extravascular sites, but was not excreted. Free 
hemoglobin disappeared from plasma at a faster 
rate than PBH and was excreted in the urine. 

These observations emphasize the differential 
transport and distribution of free and protein- 
bound hemoglobin in circulating plasma. The 
methods employed provided quantitative informa- 
tion concerning these phenomena and may be 
used for further study of hemoglobin metabolism 
and physiology. 


REFERENCES 


and Worley, W. E. The transport of 
hemoglobin in plasma. Clin. Res. 1958, 6, 12. 

Polonovski, Mé., and Jayle, M. F. Existence dans le 
plasma sanguin d’une substance activant l’action 
peroxydasique de I‘hémoglobine. C. R. Soc. Biol. 
(Paris) 1938, 129, 457. 

Jayle, M. F. Etude comparative de l’action cata- 
lytique des peroxydases végétales et de l’hemo- 

Bull. Soc. Chim. biol. (Paris) 1939, 21, 


LLathem, W.., 


globine. 


14. 


OF EXTRACORPUSCULAR HEMOGLOBIN IN 


4 


5. van Royen, A. H. H. 


4. Hughes, W. L. 


5. Jandl, J. H., Greenberg, M. S., 


. Jayle, M. F., and Conas, G. 


. Polonovski, M., and Jayle, M. F. 


. Laurell, C. B., and Nyman, M. 


. Allison, A. C., and ap Rees, W. 


. Evelyn, K. A., and Malloy, H. T. 


. Smithies, O. 


. Smithies, O., 


. Fairley, N. H. 


PLASMA 483 
Polonovski, M., and Jayle, M. F. Peroxydases ani- 
males. Leur spécificité et leur role biologique 
Bull. Soc. Chim. biol. (Paris) 1939, 21, 66. 
Properiétés et consti- 
tution chimique de l’haptoglobine sérique. Bull. 
Soc. Chim. biol. (Paris) 1952, 34, 65. 
Het Haptoglobine een Bijdrage 
Tot de Keenis der a-Globulinen. Delft, Holland, 
Drukkerij Waltman, 1950. 
Sur la préparation 
d’une nouvelle fraction des protéines plasmatiques, 
lhaptoglobine. C. R. Acad. Sci. (Paris) 1940, 
210. 517. 
Studies on the serum 
haptoglobin level in hemoglobinemia and its in- 
fluence on renal excretion of hemoglobin. Blood 
1957, 12, 493. 
The binding of 
haemoglobin by plasma proteins (haptoglobins). 
Brit;-med. J. 1957, 2, 1137. 
Microdetermina- 
tion of oxyhemoglobin, methemoglobin, and sulf- 
hemoglobin in a single sample of blood. J. biol 
Chem. 1938, 126, 655. 
Zone electrophoresis in starch gels 
Group variations in the serum proteins of normal 
Biochem. J. 1955, 61, 629. 
Walker, N. F. 
rum-protein groups and the genes controlling their 
Nature (Lond.) 1956, 178, 694 
Che excretion of 
mechanisms and the 


human adults. 
and Notation for se 
inheritance. 


Lathem, W. renal hemoglobin 


Regulatory differential ex 
cretion of free and protein-bound hemoglobin. J] 
clin. Invest. In press. 

Interstitial proteins: The proteins of 
blood and lymph in The Proteins, H 
Neurath and k. Bailey, Eds. New York, Academi 
Press Inc., 1954, vol. II, pt. B, p. 663 

Haurowitz, F., and Hardin, R. I 
teins m The Proteins, H 
Eds. New York, Academic Press Inc., 
IT, ‘pts A; 9: 279: 


plasma 


Respiratory pro 
Bailey, 


Neurath and K 
1954, vol 


Yonemoto, R. H., and 


Castle, W. B. Clinical determination of the sites 
of red cell sequestration in hemolytic anemias. J] 
clin. Invest. 1956, 35, 842. 

The fate of extracorpuscular circu- 


lating haemoglobin. Brit. med. J. 1940, 2, 213 





EFFECT OF GROWTH HORMONE ON PLASMA FATTY ACIDS * 


By M. S. RABEN anp C. H. HOLLENBERG + 


(From the Ziskind Research Laboratories, New England Center Hospital, and the Department 


of Medicine, 


Tufts University School of Medicine, Boston, Mass.) 


(Submitted for publication October 2, 1958; accepted November 6, 1958) 


\dministration of growth hormone to animals has 
heen found to reduce fat stores (1, 2), to increase 
liver fat (3,4) and to cause ketosis (5) and a de- 
pression of respiratory quotient (6, 7). The in- 
crease in mobilization and metabolism of fat im- 
plied by these findings has been thought to con- 
tribute either in an auxiliary or in an essential way 
to the anabolic stimulus induced by growth hor 
mone. 

The recent work of Dole (8) and of Gordon and 
Cherkes (9, 10), indicating a relationship between 
the concentration of plasma unesterified fatty acids 
and adipokinesis, suggested another approach to 
the study of the effects of growth hormone on fat 
mobilization and offered a means of studying the 
effect in man 


METHODS AND MATERIALS 


Plasma fatty acids were extracted and titrated accord 


to the method of Dole (8). The term “fatty acids” 


as used in this paper is synonymous with nonesterified 
acids (NEFA) and unesterified fatty acids (UFA) 
Purified 


ro th he 


extraction method 


human, and 
the 


Partially 


preparations of simian porcine 


rmone were made by glacial acetic acid 


(ii, 12). 


(acetic fraction)” 
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porcine 
growth hormone refers to material e» 


tracted in the same way and treated with oxidized cellulose 


remove corticotropin and intermedin, but not carried 
through the final precipitations 

Human and porcine corticotropin were prepared hy the 
oxycel method of Astwood, Raben, Payne and Grady (13). 
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(NIH-SP-1) were gifts 
National 
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RESULTS 
Studies in dogs 


Plasma fatty acid values were elevated by fast- 
ing and depressed by the administration of food, 
glucose, or insulin, as previously noted by others 
(9, 10). In both normal and diabetic dogs the 
morning fasting value was increased 100 per cent 
or more in each dog after an injection of 80 to 100 
ing. of partially purifed porcine growth hormone 
(acetic fraction) administered the preceding after- 
The results of 22 


noon. determinations in three 


normal dogs and 15 determinations in three dia- 
hetic dogs are shown in Figure Le 
\lthough growth hormone raised the fasting 


value of fatty acids, it did not prevent the fall that 


occurred with infusions of glucose or glucose and 


insulin. Despite the administration of 80 mg. of 


acetic fraction both 18 hours before and again at 
the start of an intravenous infusion, injection of 


glucose at a rate of 1 Gm. per Kg. per hour into 


Normol 
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IN A DoG PRETREATED WITH GROWTH HoRMONE 
a dog anesthetized with sodium pentobarbital pro- 
duced a fall in fatty acids from 1,400 to 180 pEq. 
per L. in one hour and the value remained low 
during the six hour infusion (Figure 2). A fall 
in concentration of variable magnitude was ob 
served without glucose in dogs anesthetized with 
pentobarbital, but the depressant effect of glucose 
was much greater than that obtained with anes- 
thesia alone. 

In a similar experiment, but with insulin as well 
as glucose in the infusion medium, the value again 
fell despite prior growth hormone administration, 
but large doses of epinephrine, 0.2 mg. and 0.25 
mg. given 10 minutes apart intravenously, caused 
a rapid rise in fatty acids despite the continued 
infusion. Fatty acids rose from 250 pléq. per L. to 
1.220 »Eq. per L. 30 minutes after the first in- 
jection. Growth hormone differed from epineph- 
rine, which had previously been shown to elevate 
fatty acids (8, 9), in producing a slower response 
and a more sustained rise after a single injection 
and in the complete suppression of its effect by 
glucose. 

Alloxan diabetic dogs were more sensitive than 
The 


difference in sensitivity was more apparent when 


normal dogs to the effect of growth hormone. 


sampling was performed seven hours after the daily 
meal rather than after a 24 hour fast. Growth 
hormone administered four hours before the de- 
termination greatly increased the values in dia 
betic dogs but affected normal dogs only slightly. 
In this experiment growth hormone elevated the 
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values before a spontaneous postabsorptive rise 
occurred, suggesting that food suppresses the 
growth hormone effect less effectively in the dia- 
betic dog. 

The diabetic dogs responded to the smallest 
doses of purified growth hormone preparations 
used, 0.03 mg. per Kg. 
were increased with purified preparations of por- 
cine, bovine, human and simian growth hormone 


Fatty acid values in dogs 


in contrast to the values in man which were af- 
fected only by the human and simian materials. 
The responsiveness of dogs to human growth hor- 
mone appeared to diminish over some weeks with 
repeated injections, whereas human _ subjects 
showed no loss in sensitivity over much longer 


periods. 


Studies in man 


The fasting value of plasma fatty acids in man 
was increased within four hours by the injection 
of human growth hormone. Fasting samples were 
10:00 a.m.; the test 
substance was then administered intramuscularly 


obtained between 8:00 and 


and another blood sample was obtained four hours 
after the injection. 

In the first group of 11 tests in five subjects, the 
average plasma fatty acid value rose from 555 pEq. 
per L. to 1.107 »Eq. per L. following administra 
tion of 3 to 8 mg. of human growth hormone. In 
an equal number of trials without hormone, the 
average values were 642 pEq. per L. initially and 


628 pq. per L. four hours later. The individual 


12004 


Change 10007 


in Plasma 
Fotty Acids 8004 


- eq/i 
600+ 








HuMAN GROWTH 


Acip VALUES 


Fic. 3. Errect oF 3 To 8 MG. OF 


HorMONE ON FASTING PLASMA Fatty IN 


HuMAN SuBJECTS 





486 M. S. 


responses are shown in Figure 3. The time of 
maximal effect was not established but was prob- 
ably longer than four hours. Four mg. of human 
growth hormone raised the value for at least 24 
hours in hypopituitary subjects, but usually for 
less than this period in normal subjects. 

Three subjects, two normal adult males and an 
elderly hypopituitary male, were tested repeatedly 
over a six month period. The four hour change 
in fatty acids exceeded 400 pEq. per L. in 16 or 
18 trials with hormone and in none of 14 trials 
without hormone (Figure 4). The minimal ef 
dose in the normal subjects was approxi- 
2.0 mg 


>" 


fective 


mately 1.0 and while the hypopituitary 


subject had a substantial response from 0.5 mg., 


the smallest dose used. Other hypopituitary sub- 


jects were also found to be more sensitive than 
normal individuals, and some normal subjects re- 


quired larger doses for a definite effect than the 


subjects of Figure 
the 


dog, glucose and food abolished 


\s in the 


fatty acid response to growth hormone. Figure 5 


d hypopituitary 


illustrates a study in a 73 year ol 


male in whom two control (2:00 p.m.) fasting 


values were 427 and 366 yliq. per L. on two dif- 


Injection of 4.0 mg. of human growth 
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feré nt day S 


hormone at 10:00 a.m. produced a p.m. 


value of 1,457 pEq. per L. When breakfast was 
allowed and 125 Gm. of glucose was ingested (50 
Gm. at 9:30 a.m.; 50 Gm. at 12:15 p.m.; 25 Gm. 


at i 


t 130 ultq 
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0 p.m.), the 2:00 p.m. value was lowered 


per L. despite the injection of the 
same amount of growth hormone. 
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Simian growth hormone was also active in man 
but porcine and bovine preparations were inert. 
\ll values four hours after 3 to 8 mg. of human 
growth hormone and after 4 to 20 mg. of simian 
growth hormone exceeded 1,000 pEq. per L. and 
all values on control days or after other pituitary 
preparations were below this figure (Figure 6). 
These included values after 20 to 30 mg. of porcine 
and 30 mg. of bovine growth hormone, 10 units of 
Thyrotropar®, 25 mg. of lactogenic hormone, and 
50 to 400 clinical units of porcine and human 
corticotropin. 

Larger effects might have been expected with 
corticotropin which was shown by Rosenberg (14) 
to increase liver fat in the mouse, and by White 
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and Engel (15) and by Astwood (16) to stimulate 
fatty acid release from rat adipose tissue when 
added in vitro. The small response to cortico- 
tropin was apparently not due to adrenal stimula- 
tion, since cortisone neither lowered the fatty acid 
value nor inhibited the response to growth hor- 
mone. 

In the subjects tested repeatedly over a six month 
period no loss in responsiveness to human growth 
hormone was observed and the material was in- 
variably well tolerated. Most subjects noted no 
subjective effects, but three reported an increased 
libido and an obese woman on a 400 calorie diet re- 
ported a diminution in appetite when receiving 
Blood 


human growth hormone (5.0 mg. per day ). 
sugar values were not affected in these tests. 


DISCUSSION 


The small doses of human growth hormone 
needed to elevate plasma fatty acids suggest a 
physiological role for this hormone in fat mobili- 
zation as well as in growth. Indeed, if corrected 
for body weight, the dose necessary for fatty acid 
elevation may be smaller than that required for 
growth, although little information is as yet avail- 
able as to the amount needed for growth in man 
(ir 3; 

The suppression of the adipokinetic effect by 
food provides a mechanism of control not requiring 
changes in growth hormone secretion. Growth 
hormone could control, at least in part, the rate 
of fat mobilization in the postabsorptive state 


and yet be present at all times to direct the available 


energy whether from food or fat depots, towards 
protein synthesis and protein sparing. A pattern 
such as this would make unnecessary rapid fluctu- 
ation in hormone level in response to rapidly 
changing conditions. The long survival of in- 
jected growth hormone (18) makes it indeed un- 
likely that rapid changes in available hormone can 
occur. 

The decrease in fatty acids after glucose in a 
hypopituitary subject, as also noted in this study, 
suggested to Dole, Bierman and Roberts (19) that 
the control of the release of fatty acids was inde- 
that 
growth hormone accelerates fat mobilization be- 


pendent of the pituitary. It is now seen 
vond the rate induced by fasting in the absence of 
the pituitary. 
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ACIDS 


Human growth hormone prepared by the acetic 
acid extraction method is virtually free of other 
known anterior and posterior lobe hormones, and 
thus its adipokinetic effect must be due to growth 
hormone or to a yet unidentified factor present in 
the preparation. The specificity of the human re- 
sponse to human and simian preparations noted 
in this study is compatible with other evidence of 
growth hormone behavior in man. Porcine and 
bovine preparations have appeared active only oc- 
casionally in many metabolic balance and growth 
studies. Human preparations have been regularly 
active and simian hormone, though less extensively 
tested, has appeared to be active in metabolic bal- 
(20-24). 
may indeed provide a rapid test for the effective- 


ance studies The fatty acid response 


ness of growth hormone preparations in man (25). 


SUMMARY 


Fasting values of plasma unesterified fatty acids 
were raised in man by human and simian growth 
hormone and in the dog by human, simian, porcine 
and bovine growth hormone. Glucose, glucose 


and insulin, and food suppressed the effect of 
It was inferred 


that growth hormone influences the rate of fat 


growth hormone on fatty acids. 
mobilization in the postabsorptive period. 
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CORRECTION 


In the paper by Scheinberg and Morell entitled ‘Exchange of 
Ceruloplasmin Copper with Ionic Cu® with Reference to Wilson’s 
in volume 36, pages 1193-1201, line 3 of page 1193 


Disease,” 


should read 


15 to 30 mg. per 100 ml.” 
columns 6 and 8 of Table IV on page 1197 are in error. 


In addition, 
The 


values given should read as follows: 


Cerulo 
plasmin 
AO.D 610. 

0.34 


mg. /ml 
0.548 
0.380 
0.494 


0.576 
0.424 
0.448 


. Enzymatic 
activity 


AO.D./min 


0.0546 
0.0459 
0.0399 


0.0510 
0.0408 
0.0393 
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Since essentially all of the lipid of human serum 


appears to be present in the form of lipoprotein 


complexes which can be separated into distinct 
fractions by electrophoresis, chemical fractionation, 
or ultracentrifugation techniques, the composition 
of these lipoprotein fractions has attracted interest. 
Consequently, lipoprotein fractions have been ana- 
lyzed for protein, cholesterol, cholesterol ester, 
The 


phospholipid of serum, however, is composed of 


triglyceride and total phospholipid content. 


several components which may have different func- 
tional roles. Since in previous studies (1, 2) it 
was shown that the principal serum phospholipid 
components, consisting of lecithin, sphingomyelin, 
lysolecithin, and phosphatidyl ethanolamine, could 
be separated by chromatography on silicic acid and 
then quantitated, the present investigation was car- 
ried out to determine the distribution of the indi- 
vidual phospholipids among different lipoprotein 
fractions. To isolate the lipoprotein fractions, the 
technique of ultracentrifugation at various serum 
densities (3, 4) as modified by Havel, Eder and 
Bragdon (5) was used. Lipoprotein fractions of 
1.019, 1.063 and 
analyzed for the individual phospholipids, choles- 


density 1.063 were then 


terol, cholesterol ester and triglyceride. 


MATERIALS AND METHODS 


Serum samples were obtained in the fasting state from 
eight apparently healthy white adults (Table I). 

Ultracentrifugation of the serum, begun within two to 
three hours after withdrawal, was accomplished accord- 
The 
. in the 


ing to the method of Havel, Eder and Bragdon (5). 
samples were centrifuged at 105,000 x G at 15° ¢ 
No. 40 rotor of a Model L Spinco ultracentrifuge. 
serum sample (except that from Subject E.Ri.) was di- 


Each 
vided into three parts and processed as follows: 1) Five 
to 8 ml. of serum was diluted to a density of 1.019 using 
a NaCl-KBr solution of density 1.085, centrifuged for 22 


* This investigation was supported in part by a re 
search grant (H-2907) from the National Heart Institute, 
Public Health 


\merican Heart 


Service, and in part by a gift from the 


Association 


hours, and the top layer removed and extracted; 2) Four 
to 6 ml. of serum was diluted to a density of 1.063 using 
a NaCl-KBr solution of density 1.346, centrifuged for 22 
hours, and the top and bottom layers separated and ex- 
tracted; 3) Three to 5 ml. of untreated serum was ex- 
In all of the samples, centrifugation resulted in 
a distinct layer at the top and bottom of the tube with a 
colorless zone about one-half the length of the tube in 
between. 
usually milky. 
the tube with a Spinco tube slicer at approximately the 


tracted. 


The upper layer of the 1.019 density tube was 
The fractions were separated by slicing 


center of the colorless zone. 
The serum samples, which were not dialyzed before 
extraction, extracted with methanol-chloroform 


¢ a 


columns (1 


were 
v/v) and the extracts chromatographed on silicic 
acid Gm.) in order to determine the con 
tents of the individual phospholipids, cholesterol, choles- 
terol ester and triglyceride (2). Certain of the extracts 


were also chromatographed on silicic acid-impregnated 
filter paper (Whatman No. 3) using 20 per cent methanol 
column 
for 18 

filter 


using butanol-acetic acid-water 


in chloroform (v/v) as_ solvent In addition, 
fractions were hydrolyzed in 6 N HC! at 110° C. 
hours in a sealed tube and chromatographed on 
paper (Whatman No. 1) 
42174, 


components and 


using butanol layer) as solvent for the nitrog- 
(4:1) as 


These paper chromatograms were developed 


enous acetone-water solvent 


for inositol. 
by J) spraying with ninhydrin in butanol, followed by 


minutes, ) the phos 


heating at about 110° C. for five 


phomolybdic acid stain of Chargaff, levine and Green 
(6), and 3) the stain 


modified by Anet and Reynolds (8). 


for inositol of Trevelyan (7) as 

The column fractions were analyzed for phosphorus by 
the method of Fiske 
and cholesterol ester by the method of Schoenheimer and 


and Subbarow (9), for cholesterol 


Sperry (10) as modified by Sperry and Webb (11), and 
for ester bonds by the method of Rapport and Alonzo 
(iz): 


RESULTS 


pholipid 
1.019, 


1.063) of lipoproteins is recorded in 


The distribution of the total serum pho 


among the three density fractions 
1.063, 
Table I. 


cludes the fraction with density 


The fraction with density 1.063 in- 
1.019, and the 
values for a fraction with density 1.019 to 1.063 
\lthough there 


can be calculated by difference. 


was considerable variation between subjects in the 
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TABLE I 


Distribution of serum phospholipids in density fractions 


Density of fraction 


Subject <1.019 

mM/L. > total 
0.94 34.0 
0.45 20.0 
0.21 8.3 


E.R 
N.R 
H. D. 
E. Ri. 
A.G. 
D. G. 
A. R. 
R. D. 


26.0 
11.0 
8.4 


0.76 
0.31 
0.28 


Average 0.49 18.0 


* Per cent recovery of total serum lipid P from 1.063 d 
percentage of total serum phospholipid in the frac- 
tion with density < 1.019, the fraction with density 
1.063 showed The 
mean phospholipid content was somewhat greater 
.063 than in the 
The 
totaled separated 


Q4 


< less individual variation. 
in the fraction with density > 1 
1.063. 


the 


fraction with density average re- 


covery of phospholipid in 
fractions as compared to whole serum was 
per cent. 

The concentrations and relative distributions of 
the individual phospholipids of each density frac- 
tion are listed in Tables II through IV. The av- 
erage relative distribution of the individual phos- 
pholipids of whole serum in these subjects was as 
follows: “cephalin,” 4.8 per cent; lecithin, 68.2 
per cent; sphingomyelin, 18.9 per cent; and lyso- 
lecithin, 8.0 per cent. The “cephalin,” although a 
mixture, is composed predominantly of ethanola 
mine-containing phospholipid (2). As be 
seen in these tables, all four of the individual phos- 


can 


pholipids were found in each density fraction. 
Moreover, the relative molar proportions of the 


TABLI 
Phospholipid composition of fraction with density <1.019* 


Subject “Cephalin” Lecithin 


mM/L. W/, It i és 1 

2. R 0.043 
1. R 0.030 
pam 0.038 

A. R. 0.018 


Average 


* Samples on other subjects either not done or too inaccurate because of small quantity. 


t Per cent of total phospholipid of this fraction. 


mM/L. % total 


62.6 
68.8 
66.1 
67.4 


66.2 


Total 
serum 
lipid P 
mM/L. 
2.90 
2.58 
2.70 


4.27 


<1.063 > 1.063 Recovery* 

% total % 
46 95 
60 88 
57 92 
48 91 
54 96 
62 100 

7 100 

. 90 


mM/I1 
1.28 
1.36 
1.43 
1.86 


54 
40 
43 
52 
46 
38 
43 
45 


1.47 
0.91 
1.06 
2.02 
135 
1.09 
1.42 
1.62 


A. 
1. 
1.8 
E 


5 
5 


1.37 1.65 94 


45 
ensity tube after centrifugation. 

individual phospholipids in the fraction with den- 
< 1.019 and in the fraction with density 
But when comparing 


sity 
< 1.063 were quite similar. 
the values in these fractions to those of the fraction 
with density > 1.063, striking differences were 
Although the of 
“cephalin” and of lecithin were similar, there was 


apparent. relative amounts 
relatively less sphingomyelin and more lysoleci- 


thin in the fraction with density > 1.063. In fact, 


even though the fraction with density > 1.063 in- 
cluded on an average a little more than half the 
total serum phospholipid, it contained about 40 
per cent of the sphingomyelin and 75 per cent of 
the lysolecithin. To illustrate this point, the molar 
ratios of sphingomyelin-to-lecithin and of “cepha- 
lin”-to-sphingomyelin in the fractions with den- 
sity < 1.063 and density 
Table V. 
the fraction with density 


1.063 are tabulated in 
From these figures, it is apparent that 
in 1.063, the mean 
molar sphingomyelin-to-lecithin ratio was twice, 
and the mean molar ‘‘cephalin’-to-sphingomyelin 


ratio about one-half, the value found in the frac- 


Il 


Sphingomyelin Lysolecithin 


mM/L. g 
0.053 
0.021 
0.039 
0.014 


% totalt 
Zicz 
19.9 
23.8 
21.4 


total 


23.1 0.032 
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TABLE III 
Phospholipid composition of fraction with density <1.003 


“Cephalin” Lecithin Sphingomyelin 


Subject 


mM/L. % total* 
0.98 66.4 
0.62 67.9 
0.70 65.6 
35 66.6 
0.89 66.0 
0.71 64.8 
0.93 65.3 
tA0 67.8 


mM/L. 
0.068 
0.047 
0.053 


% total* 





mM/L. 
0.37 
0.21 
0.28 
0.51 
0.34 
0.29 
0.39 
0.40 


% total* 

0.053 
0.040 
0.031 
0.089 
0.065 
0.051 
0.058 
0.062 


E.R. 
N. R. 
H..D. 
1, ih. 
A. G. 
D. G. 
Ay aK 
RK. D: 


eye FU 
ona 


Tt 
0.055 
0.048 
0.051 
0.063 


bo DO DO DO bo dO 
AMnMnnwn 
mim tm OA 


i 


an 


G2 Go 1 
COP eS 
bo 
> 


to 
wn 


Average 0.056 4.4 0.91 66.3 0.35 0.056 


* Per cent of total phospholipid of this fraction. 
t Sample lost. 


material (lecithin) of whole 


tion with density > 1.063. The mean molar 
lysolecithin-to-lecithin ratio in the fraction with 
density > 1.063 was almost three times that in 
the fraction with density < 1.063. 

The ratios of free-to-total cholesterol and of 
cholesterol-to-phospholipid found in the separate 
fractions were similar to those reported by Brag- 
don, Havel and Boyle (13), and are not recorded 
here. Nonphospholipid ester, presumably tri- 
glyceride, was present in all of the fractions, but 
about 90 per cent was present in the fraction with 
density < 1.063 and 10 per cent in the fraction 
with density > 1.063. 

The following three density fractions of serum 
from an apparently healthy nonfasting adult male 
were prepared according to the method of Havel, 
Eder and Bragdon (5) and chromatographed on 
silicic acid columns: 1) < 1.019, 2) 1.019 to 1.063, 
and 3) > 1.063. Column fractions were then ana- 
lyzed for phospholipid constituents by the use of 


sate of the second peak 
serum extract showed only one major constituent 
by paper chromatography (2), this peak material 
was not analyzed in the individual density frac- 
tions. -\cid hydrolysates of the first peak material 
(“cephalin”) of each density fraction and of the 
) 


a) pro- 


first peak material of whole serum extract ( 
duced similar chromatograms. By far the pre- 
dominating ninhydrin-reacting spot had the same 
Rf as ethanolamine. Fainter ninhydrin-reacting 
spots were evident, one with the Rf of serine, but 
no spots staining with the phosphomolybdic acid 
method were found. Acid hydrolysates of the 
“cephalin” peak material of each of the fractions 
also showed a spot with the Rf and staining prop- 
erties of inositol. 

Acid hydrolysates of the third peak material 
(sphingomyelin) of each of the three fractions 
likewise produced chromatograms similar to the 
third peak material acid hydrolysate of whole se 


paper chromatography. Since the acid hydroly- rum extract (2), showing two spots staining 


TABLE 
Phospholipid composition of fraction with density > 1.063 


IV 


Subject “Cephalin" Lecithin Sphingomyelin 


mM/L. % total* total* 
E.R. 0.063 4.8 
N. R. 0.061 4.5 
HH. D: t 

aieeds 0.110 
A. G. 0.080 
DG: 0.106 
AS es 0.079 
R: D: OTt7 


mM/L. % 
0.86 67.4 
0.94 69,2 
1.02 71.0 
1.32 ita 
1 69.6 
1.19 67.0 
1.39 73.6 
1.40 70.4 


mM/L. % total* 
0.17 12.9 
0.16 11.9 
0.21 4 
0.22 9 


=e 's 


ofl 


t 

1 

0.21 aI 
0.27 aim 
4.¢ 

4 


0.28 
0.28 


Ne Amu 
-¢ . -~ +4 
—) 


orm 


0.088 


uw 
bo 


Average 145 69.9 0.23 13.6 


* Per cent of total phospholipid of this fraction. 
+ Sample lost. 
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rABLE V 


Molar phospholipid ratios in density fractions 


Sphingomyelin/Lecithin ‘Cephalin"’/Sphingomyelin 


Subject <1.063 > 1.063 <1.063 > 1.063 


0.18 
0.23 
0.19 


0.19 
0.17 
0.20 
0.17 
0.19 
0.23 
0.20 
0.20 


E.R. 
N.R. 
H. D. 
E. Ri 


0.38 
0.33 
0.40 
0.38 
0.38 
0.40 
0.41 


0.36 


0.16 
0.17 
0.13 
0.16 


D.G 
1. R 
R. D 


\verage 0.38 0.19 0.17 


with the phosphomolybdic acid method, one with 
the mobility of choline and a much smaller one, 
which is unidentified, and several minor ninhydrin- 
reacting components. 

Paper chromatography of acid hydrolysates of 
the last peak material (lysolecithin) of each of the 
three fractions showed one spot with the phos- 
phomolybdic acid stain with the mobility of choline 
and several lesser ninhydrin-reacting components. 
These ninhydrin-reacting components were rela- 
tively more prominent than those seen with acid 
hydrolysates of the last peak material from whole 
serum extract, perhaps due to heavier nitrogenous 
contamination. To obtain further evidence that 
the last peak material was composed predomi- 
nantly of lysolecithin, the unhydrolyzed last peak 
material of each fraction was also chromatographed 
on silicic acid-impregnated filter paper and showed 
a pattern similar to that of the last peak material of 
whole serum extract (2), 7.e., three spots staining 
with the phosphomolybdic acid method, the major 
Rf 
smaller ones with the Rf's of lecithin and sphingo 


one with the of lysolecithin and two much 


myelin, respectively. 


DISCUSSION 


The ultracentrifugation method employing flota- 
tion for the separation of serum lipoprotein frac- 
tions was used because of its relative simplicity and 
accuracy. The composition of the lipoprotein 


fractions of human serum obtained by this method 


and by other methods has been compared (5, 14). 


Qn paper electrophoresis, the fraction with den 


sity 1.063 migrates as beta globulin and the 


fraction with density 1.063 as alpha globulin 


(0) 


On zone electrophoresis, however, the frac 
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tion with density < 1.018 has been found to mi- 
grate as alpha, globulin, although material mi- 
grating as alpha, globulin has also been found in 
some instances in higher density fractions (15). 

Chromatographic analysis of three fractions, 
with densities of < 1.019, 1.019 to 1.063, and 
> 1.063, for the individual phospholipids in the 
present study revealed that all of the phospholipids 
identified were present in each of the three frac- 
tions. For example, acid hydrolysis of the “cepha- 
lin’ produced ethanolamine, inositol and minor 
ninhydrin-reacting components in approximately 
the same relative amounts in each density fraction. 
Since each density fraction may contain a mix- 
ture of lipoproteins, however, the possibility that 
different lipoproteins contain different mixtures 
of phospholipids or even single phospholipids 
cannot be excluded. 

When comparing the density fractions with re- 
gard to the relative quantities of the individual 
phospholipids present, however, definite differences 
were apparent. The values in the fractions with 
1.019 and 
but differed from those in the fraction with den- 
> 1.063. 
for sphingomyelin and lysolecithin, as the relative 


density 1.063 were quite similar 


sity These differences were noted only 
amounts of “cephalin” and lecithin in the fractions 
1.063 and 


The molar sphingomyelin-to-lecithin ratio in the 


with density > 1.063 were similar. 
fraction with density < 1.063 was two times that in 
the fraction with density > 1.063, with little varia- 
tion between subjects (Table V). The molar “ceph- 
alin’-to-sphingomyelin ratio in the fraction with 
density < 1.063, on the other hand, was approxi- 
mately one-half that found in the fraction with den- 
- 1.063, indicating that the molar “cephalin”- 
The 


molar lysolecithin-to-lecithin ratio in the frac 


sity 
to-lecithin ratio was similar in both fractions. 


» 1.063 was almost three times 
1.063, and this 


heavier fraction contained about three-fourths of 


tion with density 
that in the fraction with density 
the total serum lysolecithin. It has been found, 
moreover, that most of the lysolecithin in the frac- 
> 1.063 is concentrated in a 

> 1.210 (16). 
lysolecithin-to- 


tion with density 

fraction with density The molar 
“cephalin”-to-sphingomyelin and 
lecithin ratios showed greater variation between 
subjects possibly because of the larger errors in- 
determination of “cephalin’” and 


volved in the 


lvsolecithin. 
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This difference in sphingomyelin-to-lecithin ra- 
tio in the two large groups of serum lipoproteins 
has been noted by Steele and Kayden (17). Using 
electrophoresis on starch and determining the indi- 
vidual phospholipid contents by differential hy- 
drolysis, these investigators found that the molar 
sphingomyelin-to-lecithin ratio was three times 
as great in the B- as in the a-lipoprotein fraction. 


The markedly greater variability in this ratio be- 


tween subjects in their study as compared to the 
present study, however, suggests that their meth- 
ods were less accurate. 

The free-to-total-cholesterol and cholesterol-to- 
phospholipid ratios found in the three density frac- 
tions were similar to those reported by Bragdon, 
Havel and Boyle (13). 
total 
glyceride, was found in the fraction with density 


About 90 per cent of the 


nonphospholipid ester, presumably _ tri- 


1.063 and 10 per cent in the fraction with den- 
sity > 1.063. 
SUM MARY 


<. LG, 
1.019 to 1.063, and > 1.063 from an apparently 


Serum lipoprotein fractions of density 


healthy nonfasting adult male were separated by 
ultracentrifugation and analyzed for the individual 
using chromatography on both 
silicic acid columns and paper. All of the phos- 
pholipids and possible phospholipid constituents 


phospholipids 


identified were found in each of the three fractions. 

Serum lipoprotein fractions of density < 1.019, 

1.063 and > 1.063 from eight apparently 
healthy fasting adults were separated by ultra- 
centrifugation and analyzed for the individual 
phospholipids, cholesterol, cholesterol ester and 
triglyceride, using chromatography on silicic acid 
columns. The relative proportions of the indi- 
vidual phospholipids in the fractions with density 

1.019 and < 1.063 were similar but differed 
from the values found in the fraction with density 
> 1.063. In the fraction with density < 1.063, 
the molar ratio of sphingomyelin-to-lecithin was 
twice, and of “cephalin’-to-sphingomyelin about 
one-half, the corresponding value found in the 
> 1063, Soth 


therefore, had similar molar “cephalin”-to-lecithin 


fraction with density fractions, 


ratios. The molar lysolecithin-to-lecithin ratio 
of the heavier fraction was almost three times that 
of the lighter fraction, but there was much varia- 


tion between subjects. 


HUMAN SERUM LIPOPROTEIN 


REFERENCES 
The isolation of lysolecithin from hu- 
Proc. nat. Acad. Sci. (Wash.) 1957, 


1. Phillips, G. B. 
man serum. 
43, 566. 
Phillips, G. B. The isolation and quantitation of the 
principle phospholipid components of human serum 
using chromatography on silicic acid. Biochim. 
biophys. Acta 1958, 29, 594. 

Pedersen, K. O. 
pearing in normal human plasma. J. 
Chem. 1947, 51, 156. 

Lindgren, F. T., Elliott, H. A., and Gofman, J. W. 
The ultracentrifugal characterization and isolation 


On a low-density lipoprotein ap- 
phys. coll. 


of human blood lipids and lipoproteins, with appli- 
cations to the study of atherosclerosis. J. 
coll. Chem. 1951, 55, 80. 

Havel, R. J., Eder, H. A., and Bragdon, J. H. The 


distribution and chemical composition of 


phys. 


ultra 

centrifugally separated lipoproteins in human se 

rum. J. clin. Invest. 1955, 34, 1345. 

Chargaff, E., Levine, C., and Green, C. Techniques 

for the demonstration by chromatography of nitro 

genous lipide constituents, sulfur-containing amino 

acids, and reducing sugars. J. biol. Chem. 1948, 
Kyo; 67. 

Trevelyan, W. E., Procter, D. P., and Harrison, J. S. 
Detection of sugars on paper 
Nature (Lond.) 1950, 166, 444. 

. Anet, E. F. L. J., and Reynolds, T. M. Isolation of 
mucic acid from fruits. Nature (Lond.) 1954, 174, 
930) 

Fiske, C. H., and Subbarow, Y. The colorimetric 

biol. Chem. 1925, 


chromatograms 


determination of phosphorus. J 
66, 375. 

. Schoenheimer, R., and Sperry, W. M. A 
method fer the determination of free and combined 
cholestercl. J. biol. Chem. 1934, 106, 745 

. Sperry, W. M., and Webb, M. A revision of the 
Schoenheimer-Sperry method for cholesterol de 
termination. J. biol. Chem. 1950, 187, 97. 

. Rapport, M. M., and Alonzo, N 
termination of fatty acid ester groups in phospho 

J. biol. Chem. 1955, 217, 193 

Bragdon, J. H., Havel, R. 


micro 


Photometric de 


lipides. 

J., and Boyle, FE. Human 

I. Chemical composition of four 
fractions. J. Lab. clin. Med. 1956, 48, 36. 

Hillyard, L. A., 
Chaikoff, I. 1 
four fractions accounting for total serum lipopro 
teins. J. biol. Chem. 1955, 214, 79 

Kunkel, H. G., 


serum lipoproteins. 
Entenman, C., Feinberg, H., and 


Lipide and protein composition of 


and Trautman, R. The a, lipoproteins 
Correlation of ultracentrifugal 
1956, 


of human serum 
and electrophoretic properties. J. clin. Invest 
35, 641 
Phillips, G 


B. Lipid composition of human serum 


lipoprotein fraction with 
1.210. 


Steele, Vs 


density greater than 
Proc, Soc. exp Biol. (N. Y.) 1959. 
M., and Kayden, H. J. 


phospholipids in human 


In press 
The nature of the 
serum and atheromatous 
Ass. Amer. Phycns 1955, 68, 249 


vessels. Trans. 





THE OXYGEN CONSUMPTION AND EFFICIENCY OF THE 
RESPIRATORY MUSCLES IN HEALTH AND 
EMPHYSEMA * 

By REUBEN M. CHERNIACK + 


he Winnipeg General Hospital and the Departments of Medicine and Physiology and 
Medical Research, University of Manitoba, Winnipeg, Canada) 


(Submitted for publication August 4, 1958; accepted October 23, 1958) 


Che work of moving the lung, chest wall, dia- 
phragm and abdominal contents during spontane- 
ous respiration is performed by the muscles of 
respiration. In order to obtain a better under- 
standing of the disability present in pulmonary 
disease it would be advantageous to have, in nor- 
mal and diseased states, a measure of the total 
work being done, the energy cost of performing 
this work and the efficiency of the muscles of res- 
piration 

There are few measurements of total mechani- 
cal work and efficiency of the respiratory muscles 
(1). A simple method for the 
determination of the oxygen consumption and effi- 


in the literature 


ciency of the respiratory muscles, as well as an in- 
direct measurement of the total mechanical work, 
has recently been described (2). Reproducible 
results were obtained in both a normal and an 
emphysematous subject intensively studied. 

The purpose of this paper is to report further 
data on the oxygen cost, efficiency and the total 


mechanical work of the respiratory process in a 


series of normal and emphysematous subjects. 


METHODS 


t Table | lists the physical characteristics of 

e 16 normal and 22 emphysematous subjects studied. 
The normal subjects had no clinical or radiological evi- 
dence of cardio-respiratory disease. The diagnosis of 
pulmonary emphysema was based on the clinical history 
and examination, and on the radiological and spirographic 
Vital capacities and maximum breathing ca- 
were measured on a Collins respirometer with 
The maxi- 


evidence. 
pacities 
valves and carbon dioxide absorber removed. 
mum of at least four determinations was chosen. All 
patients with emphysema showed marked obstruction to 
expiratory outflow and reduction of the maximum breath- 
ing capacity 

Oxygen consumption of the respiratory muscles. The 
oxygen consumption was determined at rest and at sev- 


* Supported by a grant from the National Research 


Council, Canada. 
+ Markle Scholar in Medical Science. 


eral levels of increased ventilation by a modification of a 
method previously described (2). The apparatus em- 
ployed is illustrated in Figure 1. The subject breathed 
into and out of a 9 L. Collins respirometer with carbon 
dioxide absorber incorporated. A cam on the pulley of 
the spirometer activated a micro-switch which in turn 
opened and closed a solenoid valve through which oxy- 
gen could be delivered from a second spirometer. The 
micro-switch was activated towards end-inspiration so 
that a nonsloping record of tidal volumes and the inte- 
grated minute ventilation were obtained on the first 
spirometer, while the oxygen being consumed was re- 
corded on the second spirometer. 

All subjects were studied in the sitting position, hav- 
ing fasted for at least nine hours and having rested in a 
comfortable chair for one hour prior to the study. All 
breathed 100 per cent oxygen from a meteorological bal- 
loon for 10 minutes and into and out of the spirometer 
measure- 


seven minutes bef re 


This was done because it was found 


circuit for five to any 
ments were taken. 
impossible to obtain reproducible measurements within 
a shorter time. Seven to 10 minute measurements of 
oxygen consumption and ventilation were made at rest 
and during increased ventilation. Oxygen consumption 

is expressed in milliliters per minute S.T.P.D. and 
ventilation in liters per minute B.T.P.S. 

At least two levels of increased ventilation were achieved 
by the interposition of dead spaces consisting of thick- 


- 


walled rubber tubing (2.5 cm. internal diameter) between 




















Fic. 1. THe AppaARATUS EMPLOYED TO MEASURE 


OxyGEN CONSUMPTION IN 
AND 


MINUTE VENTILATION AND 
TO CALCULATE THE OXYGEN CONSUMPTION 
THE RESPIRATORY MUSCLES 


(ORDER 
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OXYGEN COST AND EFFICIENCY 


IN HEALTH AND EMPHYSEMA 


TABLE I 


> sc . 
Physical characteristics and oxygen cost of increased ventilation in normal and emphysematous subjects 


Height 


cm, U2 
185 2.10 
171 1.85 
180 
168 
170 
190 
203 
197 
159 
182 
186 
yy 
159 
160 
169 
164 
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wn & 
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70 


.59 
65 
67 
.62 
62 
36 
94 
72 
74 
69 
49 
64 
65 
85 
.68 
87 
.00 
.62 
98 
86 
78 
78 


168 
170 
173 
168 
168 
150 
154 
174 
173 
156 
170 
162 


Emphysema 
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* Oxygen cost of an increase in ventilation of 6 to 10 L. 


the subject and the spirometer, the smaller of the dead 
spaces producing an increase in ventilation of 6 to 10 L. 
per minute, and the larger from 12 to 25 L. per minute. 
The resistance of the whole dead space-spirometer system 
was less than 1 cm. H.,O per L. per second at a flow rate 
of 1.5 L. per second. 

Subjects were allowed to their 
spontaneously with no control of rate or depth while 
breathing through a dead space. The sequence in which 
the various increased levels of ventilation were studied 
was altered at random. ‘)bservations at rest with no 
added dead space were made at the beginning and end of 
each series of measurements. Fifteen minutes of rest was 
allowed between observations, during which time room 
air was breathed. 

For each subject the difference in oxygen consumption 
at the resting ventilation and at a ventilation 6 to 10 L 
above the resting ventilation was divided by the differ 


increase ventilation 


Vital capacity Max. breath. cay] 


Observed Predicted Observed Predicted 


139 
130 
152 


132 


Ww UTI bdo SN 
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L./min 
210 
140 
182 
159 
104 96 
174 124 

202 39 

208 

102 

159 

224 

159 

139 

119 

101 

126 


ml, 
5,890 
4,760 
6,200 
4,650 
4,250 
6,180 
6,940 
6,020 
3,460 
4,950 
,260 
,320 
3,450 
363 
529 


3,470 


2,910 
3,870 
2,740 
1,710 
2,010 
1,780 
2,465 
1,090 
2,840 
3,035 
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per minute from resting 


ence in ventilations and expressed as the 


oxvgen 


of increased ventilation in milliliters per liter of ven 


tilation. 
Efficiency of the respiratory The 
of the respiratory muscles was determined in nine normal 


muscles efficiency 
and seven emphysematous subjects by measuring the ex- 
tra oxygen consumption associated with the performance 
work load, using the 
respirometer as described above. Work added by 
having the subject inspire through metal tubing (2.5 cm 
water 


of a known added respiratory 


was 
internal diameter) projecting down under a seal 
(2). This additional 
spirometer pressure 
relatively independent of the rate of air flow, and left 
The time taken for this procedure 


constant alveolar 


throughout 


produced a 
difference inspiration, 
expiration unimpeded 
identical to that 
sumption of the respiratory muscles 
multiplying the 


for measuring the oxygen con 
The added 


ventilation 


Was 
work 


was calculated by minute 
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rABLE II 


ratory muscles 


Subject No. 2 


( dy H-Cire 


losed-circuit 


in liters by the added pressure in centimeters H,O by 
10* and was expressed in kilogram-meters per minute. 
rhe extra oxygen consumption associated with the added 
work load was converted to its energy equivalent as- 
suming a respiratory quotient of 0.82 and expressed in 
The mechanical 
work, divided by the energy equivalent of the extra oxy- 


kilogram-meters per minute added 
gen consumption, yielded the efficiency of the respiratory 
muscles for handling work loads 

In four normal subjects and three patients with emphy 
sema the efficiency was determined while breathing with 
three to four levels of added work. The normals were 
studied with added work loads of from 2.42 to 6.56 Kg. M. 
per minute, while the patients were studied with added 
work loads of from 0.54 to 2.34 Kg. The 
range of values obtained for per cent efficiency in any 
the 


M. per minute 


The mean of 
determinations in each subject was used in this report 
In order to test the validity of the 


one subject was no greater than one 


“closed-circuit” 
method, the oxygen consumption and efficiency of the re- 
spiratory muscles were determined with an “open-circuit” 
technique in two subjects (Nos. 2 and 3). Oxygen con- 
sumption was measured at rest and while breathing 5.73 
per cent CO, in air with and without an added inspiratory 
resistance as outlined above. Expired air was collected 
in a 300 L. Tissot spirometer and analyzed with a Scho- 
lander micro-gas analyzer. Table II compares the oxy- 
gen cost and efficiency of the respiratory muscles de- 
termined by the “open-circuit” and “closed-circuit” tech- 
niques in the two subjects. It can be seen that the values 
obtained by the two techniques compared favorably 

Knowledge of 


Fi . 
breathing 


Total mechanical work of 


the energy equivalent of the oxygen cost of breathing 


and of the efficiency allows calculation of the total me- 
chanical work of breathing at any level of ventilation 
The oxygen cost of breathing and efficiency for handling 


the added work loads can be determined as described 


above. Our data and that reported previously (2) indi- 


cate that the efficiency of the respiratory muscles for 


handling added work remains essentially unchanged 


over a large range of added work loads, suggesting that 


, determined by the open-circuit and closed-circuit techniques 


Subject No. 3 


Added 
work 


Respiratory 
quotient O: cost 
ml./L, 
112 


Ke. M. 
0.80 
0.76 4.40 
0.95 
1.01 4.27 


0.96 


0.75 
0.86 


0.92 


the value for efficiency measured under such conditions 
may be applied to situations where there is no added 
work load. Therefore, knowledge of the efficiency and 
the oxygen cost of breathing at the resting ventilation 
allows calculation of the total mechanical work of breath- 
ing at rest. 

In this report the total mechanical work of breathing 
per liter of ventilation at rest was calculated from the 
product of the efficiency and the energy equivalent of the 
oxygen cost of breathing per liter of ventilation at rest 
and expressed in kilogram-meters per liter of ventilation. 
This value, multiplied by the resting minute ventilation 
in liters, yielded the total mechanical work of breathing 
per minute at rest. 


RESULTS 


The oxygen cost of increased ventilation in the 
normal and emphysematous subjects is shown in 
Table I. It can be seen that the oxygen consump- 
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Also shown are isopleths representing the oxygen cost 
of breathing per liter of ventilation. 
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Also shown are representing the 
cost of breathing per liter of ventilation. 


isopleths oxygen 


tion of the respiratory muscles per liter of ventila- 
tion was considerably higher in the patients with 
emphysema than in the normal subjects. The 
cost ranged between 0.45 to 1.87 ml. per L. of 
ventilation (mean 1.16) in the normal subjects, 
while it ranged between 1.68 and 18.50 ml. per L. 
of ventilation (mean 5.96) in the emphysematous 
subjects. 

In Figures 2 and 3 the increments in oxygen 
consumption associated with changes in ventilation 
in the normal subjects and patients with emphy- 
sema are shown. It can be seen that in the normal 
subjects the oxygen cost of an increase in ventila- 
tion of 30 L. per minute above the resting ventila- 
tion was less than 2 ml. per L. On the other hand, 
in the subjects with emphysema the oxygen cost 
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tous subjects. 


was high for even slight increases in ventilation 


and rose still further when ventilation was in- 
creased. 

The extra oxygen consumption associated with 
added work loads in nine normal subjects and 
seven patients with emphysema is shown in Fig 
ure 4. It that the 


consumption per unit added work load was greater 


can be seen extra oxygen 
in the patients with emphysema than in_ the 
normals. 


In Table ITI the 


respiratory muscles of the nine normal and seven 


the calculated efficiencies of 


III 


Total mechanical work and efficiency of the respiratory muscles in normal and emphysematous subject 


Normal 


Total mechanical work 
Efficiency at rest 
% Kg. M./L. 
10.80 0.173 
45 0.172 
.60 0.123 
.20 0.280 
10 0.326 3.00 
.04 0.204 2.74 
.20 0.203 1.83 
r, 
2 


Kg. M./min. 
1:52 
1.38 
0.82 
2.69 


7.43 0.215 89 
9.35 0.349 oe 


COUIAMEwWre 


Mean 8.58 0.227 2.02 
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emphysematous subjects are presented. The effi- 
ciency of the respiratory muscles of the normal 
.20 and 11.10 per cent 


- 


subjects ranged between 


(mean, 8.58 per cent) while the efficiency of the 
emphysematous subjects was considerably less, 


ranging between 1.24 and 2.74 per cent (mean, 
1.83 per cent). 

Also shown in Table III are calculations of total 
mechanical work of breathing at rest. It can be 
seen that the total mechanical work of breathing 
tended to be less in patients with pulmonary 
emphysema than in the normal subjects, whether 
expressed as work per liter of ventilation or work 
per minute. 


DISCUSSION 


The data presented indicate that the use of a 
“closed-circuit” technique yields values for oxygen 
cost of breathing and efficiency of the respiratory 
muscles which are comparable to those obtained by 
the “open-circuit” technique. 

It is recognized that values obtained for oxygen 
consumption or efficiency of the respiratory mus- 
cles for handling added work loads will depend 
upon the resistance offered by the apparatus used. 
The values reported in this paper, therefore, are 
not absolute but do serve to distinguish distinctly 
between normal and emphysematous subjects. 

The values for the oxygen consumption of the 
respiratory muscles in the normal individuals stud- 
ied are similar to those reported by previous in- 
vestigators (1-4) but those for efficiency are 
slightly higher than previously supposed (1). 

The results reported in this study indicate that 
in the emphysematous subjects the oxygen con- 
sumption of the respiratory muscles is considerably 
higher than in the normals. In addition, small 
increases in ventilation are associated with marked 
increases in Oxygen consumption in the emphy- 
sematous patient. These findings are comparable 
to those previously reported (2, 4). The effi- 
ciency of the respiratory muscles in the emphyse- 
matous subjects is considerably lower than in the 
normals. This is in disagreement with the findings 
of Fritts and Cournand (5) but it must be pointed 
out that they measured work done on the lungs 
only. 

\Ithough total mechanical work has been meas- 
ured while the subject was ventilated in a respirator 
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(6, 7), there is at present no method available for 
measuring the total mechanical work of breathing 
during spontaneous respiration. The method de- 
scribed in this paper may yield an indirect meas- 
urement. The values for total work found in nor- 
mal individuals are considerably higher than has 
previously been supposed (6). However, previ- 
ous measurements of total work were no greater 
than that of work done on the lungs alone (8, 9) 
and were probably, therefore, an underestimation. 

The data obtained suggest that the total me- 
chanical work performed on lung and thorax tends 
to be less in the emphysematous than in normal 
individuals at low ventilations. 
pected since about 63 per cent of the work of 
breathing is performed in overcoming elastic re- 
sistances (6) and a substantial loss of lung elas- 
ticity occurs in emphysema (8). ‘ 

Though the total mechanical work done on lungs 
and thorax tends to be less at low ventilations in 
patients with emphysema than in normals, the 


This might be ex- 


oxygen cost of breathing is four to five times 
greater because of the markedly reduced efficiency 
of the respiratory muscles. With increases in ven- 
tilation there is a disproportionate increase in oxy- 
gen consumption of the respiratory muscles in 
emphysema. This may help to explain the disa- 
bility present in pulmonary emphysema and the in- 
ability of the severely emphysematous patient to 
meet the increased energy demands of exercise and 
infection. 


SUMMARY AND CONCLUSIONS 


1. The oxygen consumption of the respiratory 
muscles was measured in 16 normal and 22 emphy- 
sematous subjects. The oxygen cost of increased 
ventilation was considerably higher in the emphy- 
sematous subjects and rose even further with 
slight increases in ventilation. 

2. The efficiency of the respiratory muscles was 
determined in nine normal and seven emphyse- 
matous subjects. The efficiency was considerably 
lower than the normal in the patients with 
emphysema. 

3. The total mechanical work at rest, measured 
indirectly, tended to be less than the normal in 
the patients with emphysema, whether expressed 


as work per minute or work per liter of ventilation. 
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Recently, numerous reports have noted that 
marked obesity may be associated with hypoxia, 
hypercapnia, polycythemia and right heart failure 
in the absence of apparent intrinsic pulmonary 
disease. Weight loss has been followed by allevia- 
tion of the derangements in some cases (1-4) and 
this syndrome has been called the “Pickwickian 
Syndrome” by Burwell, Robin, Whaley 
Bickelmann (5). 


and 


Fairly general agreement exists that the basic 
physiological defect in this syndrome is alveolar 
hypoventilation which leads to hypoxia and hyper- 
capnia followed by polycythemia and eventual 
cor pulmonale. It has been suggested that the al- 
veolar hypoventilation in obesity is due to an in- 
creased resistance to respiratory movements, thus 
necessitating an increase in work per unit ventila- 


tion (2, 6-8), although little evidence to support 
this has been advanced. 


In addition, there is little 
information in the literature regarding pulmonary 
function and blood volume in obese individuals. 

The purposes of this paper are / ) to report stud- 
ies of pulmonary function and blood volume in a 
group of obese subjects, 2) to attempt to corre- 
late arterial blood gases with the blood volume 
measurements, 3) to report measurements of the 
oxygen cost of breathing in these individuals, and 
4) to attempt to correlate the oxygen cost of 
breathing with the occurrence of alveolar hypo- 
ventilation. 

METHODS 


Twenty-six obese individuals, whose physical charac- 
teristics are shown in Table I, were studied. The mean 
age was 46 years; the mean weight, 113 Kg.; and mean 
heights and body surface areas, 168 cm. and 2.18 M.’, re- 
spectively. 

Any patient giving a history of lung disease such as 
chronic cough and sputum, cardiac disease or neuromus- 


* Supported by a grant from the National Research 
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cular disease was excluded from the series. Some patients 
had complaints of somnolence and exertional dyspnea 
but all were primarily referred because of their obesity. 

Ventilatory function was assessed in 21 subjects. Vital 
capacities, timed vital capacities and maximum breathing 
capacities were measured using a Collins respirometer 
with the valves and CO, absorber removed and a high 
speed rotating drum incorporated. The maximum of at 
least three trials was recorded. Predicted values were 
determined from the data of Baldwin, Cournand and 
Richards (9). 

The intrapulmonary distribution of inspired gas was 
assessed by determining the breath-to-breath washout of 
nitrogen from the lungs while breathing oxygen and by 
measurement of the concentration of nitrogen in alveolar 
gas after seven minutes of the oxygen breathing, using 
an instantaneously-recording nitrogen meter (10). 

Simultaneous samples of arterial blood and expired air 
were obtained in 15 subjects and arterial blood alone in 
another three. made after the indi- 
viduals had been in the semirecumbent position for 20 to 
30 minutes. Arterial carbon dioxide and oxygen ten- 
were determined by a modification (11) of the 
technique of Riley, Proemmel and Franke (12). Expired 
air was collected over a three minute period in a Tissot 


Collections were 


sions 


spirometer and analyzed with the micro-Scholander ap- 
paratus (13). From these data tidal volume and physio- 
logical dead space, calculated by the Bohr method (14), 
were obtained. 

Blood volumes were determined in 16 subjects using 
the slightly modified (15) T-1824 dye dilution technique 
of Gibson and Evans (16). were 
after the subjects had fasted for 12 hours and just before 
the collection of arterial bloods and expired gas. All 
samples of blood were drawn from an indwelling arterial 
needle. 

The oxygen cost of the respiratory mechanism was de- 
termined in 25 subjects using the method of Campbell, 
Westlake and Cherniack (17) as modified by Cherniack 
(18). The oxygen consumption at rest and at increased 
ventilation was measured, using a closed-circuit spirometer 
in which a carbon dioxide absorber was incorporated. 


These studies done 


A cam on the pulley of the spirometer activated a mi- 


cro-switch, which in turn controlled a solenoid valve, 


through which oxygen was delivered from a_ second 


spirometer. It was thus possible to keep a level, non- 
sloping baseline on the records of ventilation while the 
second spirometer recorded the oxygen consumed. 

In order to obtain oxygen consumption at different 
levels of ventilation, the ventilation was altered by the 
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interposition of thick-walled rubber tubing, 2.5 cm. in- 
ternal diameter, between the subject and the spirometer 
circuit. Tubes of different lengths were chosen in ran- 
dom order and the individuals were allowed to increase 
their ventilation spontaneously with no external control 
of rate or depth of breathing. 

Before studies were begun, the subjects, who had 
fasted for at least nine hours, rested in a comfortable 
chair for one hour in the case of out-patients and for 20 
minutes in the case of hospitalized patients. 

Resting oxygen consumption and ventilations were re- 
corded at the beginning and at the end of each study and 
the mean was used for calculation. Before each measure- 
ment, whether resting or at increased ventilation, the 
subjects breathed oxygen from a meteorological balloon 
for 10 minutes and then into and out of the oxygen-filled 
spirometer circuit for five minutes in order to allow the 
attainment of a steady state. Recordings were then taken 
over a 5 to 10 minute period. Oxygen consumption was 
corrected to S.T.P.D. and ventilation to B.T.P.S. Ten 
to 20 minutes rest was allowed between each measure- 
ment. 

In each subject, oxygen consumptions at the resting 
ventilation at at least two increased ventilations 
were obtained, one of the increased ventilations being 7 
to 13 L. per minute above the resting. The difference be- 
tween the oxygen consumption at the increased ventila- 


and 
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tion and at rest, divided by the difference in ventilation, 
has been used as the oxygen cost of increased ventilation 
and expressed milliliters of oxygen per liter of 
ventilation. 

In three subjects the oxygen cost of increased ventila- 
tion, as calculated above, was determined on several 
occasions and in each did not vary by more than 0.3 ml. 
O, per L. 


in 


RESULTS 
1. Ventilatory function 


The results of the ventilatory function studies 
are listed in Table I. It will be seen that some 
subjects had fairly marked reduction in vital ca- 
pacity and maximum breathing capacity. How- 
ever, timed vital capacities and maximum mid- 
expiratory flow rates performed before and after 
nebulized bronchodilator revealed no evidence of 
bronchiolar obstruction. 

The index of intrapulmonary mixing was normal 
in all subjects but the washout of N, from the 
lungs was somewhat slower than normal in Sub- 
jects 18, 20, 23 and 25. 


TABLE I 


Physical data and pulmonary function in obese subjects 


Body 
surtace 
area 


Subject 

por Height Weight 
M. 
2.04 
B's 
97 
.26 
98 
03 
02 
47 
07 
94 
95 
33 
00 
44 
40 
55 
.26 
36 
14 
.02 
31 
31 
87 
65 
By 
19 


ml. 


cm, Kg. 


a 
4) 


163 
162 
165 
174 
160 
163 
162 
180 
151 
155 
166 
170 
156 
175 
178 
185 
174 
182 
155 
163 


100 
111 

90 
114 

97 

99 
101 
131 
115 
101 

86 
127 
103 
123 
124 
135 
114 
111 


ele Res hee 


3,420 
2,355 
3,810 
4,500 
2,095 
1,875 
3.920 
3,260 
2,650 
4,650 
3,670 
6,030 
3/380 
4,120 
2'930 
2'900 
3,820 
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2,260 
2,970 
1277 
5,260 
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* Index of intra-pulmonary mixing. 
+ Physiological dead space-tidal air ratio. 
t Oxygen cost of increased ventilation. 
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TABLE Il 


Blood studies in obese subjects 


Subject Ht.* 


43 
44 
46 
42 
45 
51 
38 
47 
48 
45 
43 
37 
49 
44 
42 
53 
44 
60 


th hh to 
au & 


* Hematocrit 
t Red cell mass per square meter body surface area 


t Plasma volume per square meter body surface area. 


R.C.M./M.*t P.V./M.*} *.B.V./M.%§ 


ml, ml. ml. 
1,053 1,378 431 
1177 1'544 721 


1,105 
1,202 


1,550 
1,463 


2,655 
2,665 


1,271 
1,269 
1,612 


1,940 
1,460 
1,780 
1,529 1,530 
1,178 1,586 

926 1,555 
1,330 1,385 
1,595 1,935 
1,110 1,616 
1,966 1,715 
1,588 2,038 
1,545 1,195 


3,210 
2,729 


§ Total blood volume per square meter body surface area, 


2. Physiological dead space-tidal air ratios 


Dead space-tidal air ratios are also listed in 
Table I. 
upper limit of 30 per cent (19) in 12 of the 15 


This ratio was greater than the normal 
obese subjects in whom it was measured. 


3. Arterial blood studies 


Table II lists the arterial blood gas tensions in 
18 obese subjects. The subjects can be divided 
into three groups. In six subjects pO, was greater 
than 90 mm. Hg and pCO, was less than 45 mm. 
Hg; in eight subjects pO, was less than 90 mm. 
Hg and pCO, less than 45 mm. Hg; while four 
subjects had pO, less than 90 mm. Hg and pCO, 
greater than 45 mm. Hg. 

The tidal volumes, respiratory rates and physi 
logical dead spaces of the 15 subjects on whom 
these measurements were obtained are shown in 
Figure 1. Except for one patient with hypoxia, 
all physiological dead spaces are within normal 
limits as defined by Comroe and co-workers (19). 
It will be noted that there was a tendency for the 
tidal volume to be less in those patients with hy- 
poxia than in those with normal gas tensions and 
this is more pronounced in those subjects with 
both hypoxia and hypercapnia. In addition, it 
will be seen that there was a tendency for the re- 


spiratory rate to increase as the tidal volume 


decreased. 


f. Blood volume studies 


Table II also lists the partitions of blood volume 
in 16 obese subjects. The mean blood volume in 
the male subjects was 3,122 ml. per M.? (S.D., 


412), the mean plasma volume was 1,571 ml. 
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rABLE III 


The partitions of blood volume in normal and obese individuals 


Females 


Males 


No. ot 


Investigator subjects 


Present study 

Doupe, Ferguson and 
Hildes (15) 

Gibson and Evans (16) 

Hedlund (20) 

Samet, Fritts, Fishman 
and Cournand (21) 


P.V.* 


me 


1,630 + 217 


1,467 + 160 


1,131 + 131 ] 


30 1,463 + 162 
1,039 + 123 30 


* Mean plasma volume per square meter body surface area plus or minus standard deviation 
+ Mean red cell mass per square meter body surface area plus or minus standard deviation 


per M.* (S.D., + 253) and the mean red cell mass 
was 1,549 ml. per M.? (S.D., + 
blood volume in the females was 2,810 ml. per M.? 
(S.D., + 375), the mean plasma volume was 1,630 
ml. per M.* (S.D., = 217) and the mean red cell 
mass was 1,179 ml. per M.? (S.D., + 182). 

In Table III these results are compared with 


225). The mean 


other reported measurements on subjects with 
predominantly normal weights (15, 20, 21). It 
can be seen that in the male subjects the mean 
plasma volume per M.° apparently was not dif- 
ferent from the rest, while in the females it was 
slightly higher. Red cell mass per M.* was higher 
than that reported in the literature in both sexes. 
It should be that the red cell 


noted, however, 


a 
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S.T.P.D. ) 


(ml. / min. 
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CHANGE IN VENTILATION (L/min. 8.T.P.S.) 


Fic. 2. THE CHANGES IN OXYGEN CONSUMPTION 
ASSOCIATED WITH CHANGES IN VENTILATION IN 25 OBESE 
SUBJECTS 

The stippled area represents the range found in normal 


subjects (17) 


masses reported by Hedlund (20) and by Samet, 
Fritts, Fishman and Cournand (21) were deter 
mined using the tagged red cell method, while in 
this series it was estimated indirectly by measuring 
the plasma volume and hematocrit. 

When an attempt was made to correlate the 
partitions of blood volume and the resting arterial 
blood gas tensions, it was found that in the seven 
male subjects there was a significant correlation be 
0.01) and pCO, 
(p < 0.05), and between total blood volume and 


tween red cell mass and pO, (p - 
pO. (p< 0.05). In the nine female subjects the 
only significant correlation was between red cell 
mass and pCO, (p < 0.05) 


5. Oxygen cost of breathing 


cost of increased ventilation for 


The 


each subject is given in Table I. 


oxygen 


These values are 


to be compared with values ranging from 0.5 to 
1.8 ml. O, per L. 
(18). 


ues higher than the upper limit of normal 


obtained in 16 normal subjects 
Thus, 18 of the 25 obese subjects had val 
This 
can also be seen in Figure 2 which shows the in 
crements in oxygen consumption associated with 
increases in ventilation. In addition, it can be seen 
that in most obese subjects there was a dispropor 
tionate increase in the oxygen cost of breathing 
with further increases in ventilation 
The relationship between the oxygen cost of in 
creased ventilation and the resting arterial oxygen 


and carbon dioxide tensions in the 17 obese sub 


jects who had arterial blood estimations is shown 


in Figures 3 and 4. It can be seen that there was 


a tendency for the highest costs of increased ven 
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tilation to be asociated with the lowest arterial Subject 25. The viscous resistance, as expressed 
oxygen tensions and the highest arterial carbon by the pressure required to cause a flow of 60 L. 
dioxide tensions. per minute, was 1.8 cm. H,O in Subject 24 and 

In two of the patients with highest carbon 2.4 cm. H.O in Subject 25 on expiration, with 
dioxide tensions and costs of breathing the physi- similar values for inspiration. These measure- 
? ? 


cal properties of the lungs were studied. The lung ments are within the normal range ( D):. 


compliance was 0.220 in Subject 24 and 0.300 in No correlation between the oxygen cost of in 
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HYPOVENTILATION IN 


creased ventilation, measurements of pulmonary 


function, partitions of blood volume and the de- 
gree of obesity could be found in these subjects. 


DISCUSSION 


It is of some interest to note that, of 18 sup- 
posedly normal obese subjects, only 32 per cent 
had normal resting blood gas tensions. Hypoxia 
of varying degrees was present in 42 per cent and 
Was associated with hypercapnia in an additional 
26 per cent. 

Only three of the 12 subjects with hypoxia had 
hematocrits above 50 per cent but the red cell mass 
was increased in the majority of the subjects. 
Although red cell mass was measured indirectly 
and no correction for body hematocrit was made, it 
nevertheless appears to be significantly increased. 
While hypoxia was probably acting as an erythro- 
poietic stimulus in these subjects, its effect is not 
readily apparent in the hematocrit determination, 
presumably because of an increase in the plasma 
volume, particularly in the female subjects. 

The correlation between red cell mass and pCO, 
in both sexes may be due to the fact that fairly 
marked hypoxia always accompanied hypercapnia. 
No explanation for the increased plasma volume 
in the obese females studied is readily apparent. 

The data presented indicate that the oxygen 
cost of breathing is increased in obese individuals. 
If the assumption is made that the oxygen cost of 
breathing obtained from measurements of small 
increments in ventilation can be extrapolated back 
to the resting level, then obese individuals have 
increased costs of breathing even at rest. 

A high oxygen cost of breathing could be due 
to increased muscular work being done on the 
lungs or on the thorax or a reduced efficiency of 
No measurements of 
While slight 


impairment of distribution of gas may have been 


the respiratory apparatus. 
efficiency were made in this study. 


present in some of the subjects studied, this 
could not account for the changes in arterial gases 
and oxygen cost of breathing. In addition, the ab- 
sence of bronchiolar obstruction and the lack of 
clinical history of lung disease suggest that no in- 
trinsic lung pathology was responsible for an in- 
creased work of breathing. Also, measurement of 
the physical properties of the lungs in two of the 


subjects with high costs of breathing and hyper- 
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capnia revealed normal lung compliance and non- 
elastic resistance. Hence it is postulated that the 
high cost of breathing is due to increased mechani- 
cal work necessary to move thoracic cage, dia 
phragm and abdominal wall and contents—pre 
sumably due to obesity. 

The individuals who had the highest oxygen 
costs of breathing tended to breathe with the low 
est tidal volumes and highest respiratory rates at 
rest. Since Liljestrand (24) and Cournand and 
associates (25) have demonstrated that the oxygen 
cost of breathing is less for a given ventilation 
when the tidal volume is small, the findings in the 
obese subjects may be an example of the selection 
of an optimum rate and depth of breathing where 
the least work is done. 

The rapid, shallow breathing observed in the 
obese subjects is the type of breathing pattern 
found when the elastic resistance is increased 
(26), in contra-distinction to the slow, deep breath 
ing encountered when air flow resistance is high 
(27). This suggests that the increased mechani 
cal work necessary to move “the thorax” in these 
obese subjects was elastic in nature. 

In addition, there appears to be a relationship 
between the oxygen cost of breathing and the ar 
terial tension in the obese sub 


carbon dioxide 


jects. This is in accordance with the hypothesis 
advanced by Cain and Otis (27) and by Riley 
(28) who viewed respiratory acidosis as an adap 
tive mechanism sparing oxygen for nonventilatory 
work, a rise in CQ, tension being tolerated when 
the work of breathing is increased “in preference 
to expending the effort that would be required to 
keep it at the original level.” 
The data also indicate that in the obese indi 
vidual, who may already have an increased cost 
of breathing at rest, further small increments in 
ventilation could result in a disproportionate in 
This 


would probably be even more exaggerated if an 


crease in metabolic work of breathing. 
obese person developed bronchitis or other lung 
disease. 

Conversely, in individuals with chronic lung 
disease and increased work of breathing, the de 
velopment of obesity would lead to a further rise in 
the oxygen cost of breathing and possible alveolar 
hypoventilation. The therapeutic implications of 


obesity in chronic lung disease thus become 


apparent. 
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SUMMARY AND CONCLUSIONS 


1. Twenty-six obese subjects were studied. 
Ventilatory function was assessed in 21, arterial 
blood gas tensions in 18, blood volume estimations 


in 16 and the oxygen cost of breathing in 25. 


2. Clinical history and ventilatory function re- 
vealed no evidence of gross lung disease aside 
from a slight impairment in distribution in four 
patients 


3. Twelve of the subjects who had measure 


ments of arterial blood gas tensions had hypoxia. 


Four had associated hypercapnia which apparently 
was due to reduced tidal volumes. 

4. Red cell masses per M.* body surface area 
were increased in both male and female subjects. 
Plasma volume was increased in the female sub 
ects 

5. The oxygen cost of breathing was increased 
in the obese subjects. 

6. A suggestion has been made that the in- 
creased oxygen cost of breathing in the obese sub- 
jects was due to an increase in elastic resistance 
of the thorax. 

7. A relationship between the oxygen cost of 
breathing and the arterial blood tensions of car 


hon dioxide and oxygen has been indicated. 
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ABNORMAL 1 


By 


(From the Department of Medicine, College 


versity, and the Francis Delafield Hospital, New York, N. Y 


(Submitted for publication September 


This study was undertaken to ascertain whether 
different normal and abnormal hemoglobin com- 
ponents exhibit different rates of Fe°* incorpora- 
tion in human subjects and in experimental ani- 
mals. The hemoglobin of normal man contains 
minor components, hemoglobins A, and A,, in ad- 
dition to the principal component, hemoglobin A,. 
Patients with hereditary hemoglobin abnormali- 
ties have relatively large amounts of abnormal he 
moglobins ; electrophoretic analysis of the hemo- 
globin of many experimental animals reveals a 


small amount of an electrophoretically rapid com- 
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The present study was designed to ob- 


ponent, comparable to hemoglobin in human 


subjects. 
serve the rate of Fe°*’ appearance in at least two 
hemoglobin components of a subject following the 
intravenous administration of Fe’®’. 


MATERIALS AND METHODS 


) 
Dey 


Except for L.B., who had thalassemia major, all the 
had disseminated neoplastic dis 
These 
patients were selected for study because 40 to 100 ue. of 


Fe* 


patients in this study 
ease in addition to their hemoglobin abnormalities. 


re could be given, and accurate measurement of 
activity in small amounts of hemoglobin components was 
thereby facilitated. Most of the patients received radio 
therapy before or during the study period. Two patients 


(J. B. and L. B.) had received blood transfusions within 


TABLE I 


Experimental subjects 


Chronic- 
lymphatic 
leukemia 


Osteogenic 
sarcoma with 
pulmonary 
metastases 
Carcinoma 
of the lung 


Multiple 


mveloma 

{ ‘ooley s 
anemia 
Carcinoma 


of the lung 


Disseminated 
carcinoma 


Hematocrit 
(before 
injection 
of Fe®) 


lransfusion 

within 4 mos 
of study 
period 


Sickle cell trait 


Sickle cell trait 


Yes, 1,500 ml 
one month 
prior to study 


Hemoglobin 
C trait 


Alkali resistant No 


hemoglobin 
(40°,) 


Alkali resistant 


hem« globin 
Rapid abnormal 
hemoglobin 


component 


Sickle cell trait 
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Relevant 
data concerning these patients are recorded in Table I. 
The isotopic iron was administered intravenously as 
either Fe” citrate or Fe® bound to human 8B, globulin. 
Blood samples were obtained at intervals after the ad- 
ministration 


six weeks before the administration of Fe”. 


of the isotope and hemoglobin was _pre- 
pared by the method of Drabkin except that AICI, was 
omitted from the saline washings of the erythrocytes. 
The final hemoglobin solutions were centrifuged at 15,000 

G tor 30 minutes and converted to carbonmonoxy- 
hemoglobin before electrophoretic 


separation of components. 


or chromatographic 
The hemoglobin of L.B. was 
separated by alkali denaturation of oxyhemoglobin. 
Electrophoretic separation of hemoglobin components 
was carried out in starch blocks by the method of Kunkel, 
Ceppellini, Muller-Eberhard and Wolf (1). After a 16 
hour run the dense mid-portion of each component was 
cut from the block, and the carbonmonoxyhemoglobin was 


rABL 


Studies of Fe® incorporaiion in hemoglobin 


Ratio of 
specific 
activities of 
components 
where 
total = 100 


Radio 
activity 


Hemoglobin 


Patient fraction 


cpm/me 
Heb. 
lotal hemolysate 28 
S 
Potal hemoly 
S 
Potal hemolysate 
S 
Total hemolysate 
S 
Potal hemolysate 
S 
lotal hemolysate 
S 
Total hemolysate 
S 
Potal hemolysate 
S 
Potal hemolysate 
S 
Total hemolysate 
1 


A 
= 
A 
A 


3 
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eluted from the starch with water. The hemoglobin con 
centration and isotopic activity were determined on the 
eluates. The hemoglobin concentration was determined 
in a Coleman Universal Spectrophotometer and the ra 
dioactivity of a 2 ml. aliquot was measured in a well 
type Sufficient 
corded to secure an accuracy of at least 3 per cent. 


scintillation counter. counts were re- 

For the separation of fetal hemoglobin, the alkali de- 
naturation technique of Singer, Chernoff and Singer (2) 
was used in the case of L.B.; the only modification was 


Alkali denatu 


ration was not entirely satisfactory for the purpose of 


the use of 0.5 ml. hemoglobin specimens 
this study because of the dilution of hemoglobin F in the 
alkali resistant the 
patient with alkali resistant hemoglobin, a modification 


fraction. Consequently for second 
Morrison and Cook 


The 


fetal hemoglobin sample selected for assay was the most 


of the chromatographic technique of 
(3) was utilized for separating fetal hemoglobin 


E Il ‘ 


components of patients with sickle cell trait 


Ratio ot 

specif 
activities of 
component 

where 
total 


Radio 


activity 


Hemoglobi: 


Patient fraction 100 


pm/me 


Fotal hemoly 


) 


Potal hemoly 


Potal hemoly 


1 


Stee 
Nm oD Nw 


Potal hemoly 


CANS 
“100 © Coot 


Potal hemoly 


——O uN 
—e In» 


Fotal hemoly 


otal hemoly 
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fraction eluted with phosphate buffer, 
The 


remainder of the hemoglobin was represented by the most 


concentrated 5 ml 


pH 6.3, and sodium concentration, 65 mEq. per L. 


concentrated fraction eluted with a buffer of sodium con- 
centration, 425 mEq. per L. The hemoglobin concentra- 
tion and radioactivity were determined in the same man- 
ner as for components separated by starch electrophoresis 


RESULTS 
1. Major fractions of hemoglobin 
a). Sickle cell trait. 
cell trait were studied over periods ranging from 
10 to 101 days 
incorporation between sickle cell hemoglobin and 


lhree patients with sickle 
No significant difference in Fe 
hemoglobin A, was observed in any of the three 
patients who were studied. Results in these pa- 
tients are recorded in Table II. 

b - He moglobin 6 


trait who was studied had been trans- 


trait. The patient with he 


moglobin ( 


rABLE Ill 


udies of Fe® incorporation in hemoglobin component 


1 previously transfused patient with 
hemoglobin C trait 


tal hemoly 
Cc 
il he Ot 
\ 
Cc 

ital hemoly 
\ 
( 


al hemoly 
\ 
( 


C 
al hemoly 


\ 
( 


il hemoly 
C 
il hemols 
C 


il he MOL 


RANNEY AND 


PAUL KONO 


I. VERONAL BUFFER pH 6.6 


Hemoglobin 


. 


IL. PHOSPHATE BUFFER pH 6.5 
Hemoglobin 


s H 


lic. 1 
DIFFERENT 


PATTERNS IN 
HemMo- 
PATIENT 
AB- 


ELECTROPHORETIC 
NorMAL ADULT AND H 
HEMOGLOBIN OF 


FILTER PAPER 
BUFFERS OF 
TOGETHER WITH THE 


Wuo Hap An 


HEMOGLOBIN 


GLOBIN 


SP. ELECTROPHORETICALLY RAPID 
NORMAL 

Chis hemoglobin is designated as “J group hemoglobin” 
5). Electrophoresis for six hours at 450 volts; paper 


stained with bromphenol blue 


fused six weeks prior to the administration of Fe®’. 
The results of the study are recorded in Table III. 
Since the isotopic activity of hemoglobin A and C 
differed in the initial specimens obtained from this 
patient, the reliability of the observation was 
checked by separating larger amounts of hemo- 
globin A and C on_ successive electrophoretic 
analyses and subsequently preparing recrystallized 
hemin from each component. The radioactivity of 
the preparations of hemin recrystallized from the 
A and C hemoglobin components showed a C: A 
ratio of 1.25; 


used for the crystallization had a radioactivity ra- 


the pooled hemoglobin components 
tio for C and A hemoglobins of 1.4.1. In this pa- 
tient the relatively higher radioactivity of the he- 
moglobin C fraction was attributed to dilution of 
the hemoglobin A fraction by the hemoglobin of 


previous transfusions. This hypothesis was sup- 


1 The difference in radioactivity in the recrystallized 
hemin of C and A hemoglobins may be within the error 
of the methods since only a small amount of hemin from 


hemoglobin C was recovered 





FE°? INCORPORATION IN 


TABLE IV 


Studies of Fe®® incorporation in hemoglobin components 
of patient with an electrophoretically abnormal 
rapid hemoglobin * 





Ratio of 
specific 
activities of 
components 
where 
total = 100 


Radio- 
activity 


Hemoglobin 
fraction 





cpm/me. 
Heb. 


Total hemolysate 55 100 
A 50 91 
Rapid component* 53 96 

Total hemolysate 163 100 
A 150 92 
Rapid component 163 100 

Total hemolysate 237 100 
Ae 185 78 
f 105 
Rapid component : 99 

Total hemolysate x 100 
f ; 98 
Rapid component 101 

Total hemolysate : 100 
A 96 
Rapid component Ds 96 


: 99 
Rapid component 2 97 


Total hemolysate 2 100 
A 


* This component may have represented hemoglobin J 
or another rapid component (see text). 


ported by the finding of approximately equal Fe*° 
activity in the hemoglobin A and C components 
isolated from the final blood specimen obtained 69 
days after the administration of the isotope and 
more than three months after the last transfusion. 
At that time hemoglobin A from previous trans- 
fusions had disappeared. 

c). Electrophoretically rapid abnormal hemo- 
globin. Patient S.P. who had an electrophoreti- 
cally rapid abnormal hemoglobin was an American 
Negro; approximately 50 per cent of his hemo- 
globin had an electrophoretic mobility faster than 
hemoglobin A at pH 8.6. He was presumed to 
have hemoglobin J on the basis of electrophoretic 
mobility of hemoglobin specimens in acid and alka- 
line buffers (see Figure 1) (4), but no family 
studies could be carried out. Since this abnormal 
hemoglobin might also have been another electro- 
phoretically rapid abnormal hemoglobin, e.g., he- 
moglobin N, rather than hemoglobin J, it is desig- 
nated as “electrophoretically rapid hemoglobin 
component” or “J group hemoglobin” (5) in this 
study. The results of the studies of Fe*’ incor- 
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poration in hemoglobin 
component are recorded in Table IV. Again no 
significant difference in Fe®® incorporation was 


A and the rapid major 


noted between hemoglobin A and the major ab- 
normal fraction. 

d). Fetal hemoglobin. Patient J.R. had a large 
amount of fetal hemoglobin in association with 
By the method of alkali de- 
naturation, the fetal hemoglobin amounted to 40 
per cent of the total hemoglobin, and similar val- 
ues were obtained by chromatographic techniques. 


multiple myeloma. 


The patient was known to have had a normal he- 
moglobin concentration during an unrelated brief 


TABLE V 


Studies of Fe incorporation in various hemoglobin 
components in patients with alkali 
resistant hemoglobin 


Ratio of 
specific 
activities of 
components 
where 
total = 100 


Radio- 
activity 


Hemoglobin 
fraction* 


cpm/mg. 
Heb. 


Patient J. R. 
Total hemolysate 10.3 
Fetal 9.8 
Remainder 9.4 


Total hemolysate 101 
Fetal 106 
Remainder 87 

Total hemolysate 151 
Fetal 144 
Remainder 142 

Total hemolysate 191 
Fetal 178 
Remainder 

Total hemolysate 
Fetal 
Remainder 

Total hemolysate 
Fetal 
Remainder 


b. Patient L. B. 


S Total hemolysate ; 100 
Fetal a, 208 

Total hemolysate 100 

Fetal 182 

Total hemolysate : 100 

Fetal 15.8 214 

Total hemolysate d, 100 

Fetal 14.4 206 

17 Total hemolysate 6. 100 
Fetal 16.: 246 


*See text for methods employed in separation of fetal 
hemoglobin. 
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VI 


Studies of Fe® incorporation in hemoglobin components of healthy rabbits 


Rabbit I 
Ratio of 


specific 
activities of 
components 

where 
total = 100 


Radio 
activity 


Hb fraction 
pm/mg. Heb 
4,352 
1,940 
4,692 


100 
45 
108 


lotal hemolysate 
Fast 
Main 


3,881 
2,324 
4,198 


100 
60 
108 


Total hemolysate 
Fast 
Main 


2,591 
2,985 
2,547 


100 
115 
98 


Total hemolysate 
Fast 


Main 
1,770 100 
1,671 94 
1,553 93 


Fotal hemolysate 
Fast 
Main 


illness three years earlier ; he did not have micro- 
A, were 


Consequently he probably belonged to 


cytosis and the values for hemoglobin 
normal. 
the group of patients with normal hemoglobin 
concentration and “hereditary persistence of fetal 
hemoglobin production” recently sunimarized by 
Jacob and Raper (6). In this patient the hemo- 


globin components were separated chromato- 


graphically for the Fe°* incorporation studies ; the 
results (see Table V, a) showed the alkali resistant 
hemoglobin to have the same radioactivity as the 
remainder of the hemoglobin. 

Patient L.B. who had thalassemia major had 
required whole blood transfusions two to three 
times monthly for several years. He had been 


transfused three weeks before Fe°’ incorporation 


studies were done. As a result of multiple trans- 
fusions, he had extensive hemosiderosis ; decreased 


hemoglobin production and dilution of the isotope 


by increased storage iron probably accounted for 


the low levels of radioactivity observed in the he- 
moglobin. In this patient, the fetal hemoglobin 
was separated by alkali; the greater isotopic ac- 
tivity of the fetal component (see Table V,b) was 
attributed to dilution of hemoglobin A by previous 


transfusion. 


2. Minor components of human hemoglobin 


On starch electrophoresis, two minor compo- 
nents of hemoglobin, hemoglobin A, and hemo- 


Rabbit II 


Ratio of 
specific 
activities of 
components 
where 
total = 100 


Radio- 
Hb fraction activity 


cpm/mg. Heb. 
Total hemolysate 
Fast 


Main 002 


3, 
143 
3. 
Total hemolysate 

‘ast 


Main 


Total hemolysate 
Fast 
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globin A,, described by Kunkel and Bearn (7), 
were isolated during studies of Patient O.G. 
(Table II), and a few observations on hemoglobin 
A, were made during the study of Patient S.P. 
(Table I1V). In Patient O.G. the isotopic activity 
of the electrophoretically rapidly moving hemo- 
globin A, component was significantly lower than 
the activity of the major fractions in the early 
How- 


ever, the relative isotopic activity of the A, com- 


period after the administration of Fe’. 


ponent appeared to increase somewhat in the later 
specimens, although Fe®*® activity never reached 
the values observed in the principal components. 
A less striking initial decrease in the isotopic ac- 
tivity of the minor basic component, hemoglobin 
A,, was also noted in O.G. and in S.P. Storage of 
the hemoglobin specimens in the cold and re- 
peating the separations after a period of 10 days 
did not significantly alter the relative isotopic ac- 


tivities of the components. 


3. Rapid hemoglobin component in experimental 


animals 


Preliminary experiments showed that shortly 
after the administration of Fe®’, the “spear” or 
electrophoretically most rapid component of the 
hemoglobin of dogs, rabbits and mice exhibited 
Fe®® activity which was significantly lower than 


the isotopic activity of the main hemoglobin com- 
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ponent. To test the effect of erythrocyte aging 
upon the relative activity of the slow component, 
two rabbits were given, respectively, 40 and 60 
pe. of Fe®* and hemoglobin separations were car- 
ried out at intervals thereafter. The results of the 
experiments in these rabbits are recorded in Table 
VI. If the life span of the rabbit erythrocyte is 
taken to be about 60 days (8, 9), the increase 
in isotopic activity of the rapid hemoglobin com- 
ponent correlated well with cell aging. 


DISCUSSION 


Major and minor components of human hemo- 
globin 


Because hemoglobin S and hemoglobin A co- 
exist in most of the erythrocytes of subjects with 
sickle cell trait, it is reasonable to suppose that 
both hemoglobins are synthesized simultaneously 
If this is the case 
both hemoglobins would be expected to exhibit the 


before maturation of the cell. 


same isotopic activity although the total amount 
of each might show considerable variability in dif- 
ferent patients with the trait. In the present 
study Fe*® activity of the hemoglobins of the circu- 
lating erythrocytes was measured; this technique 
probably would not yield evidence distinguishing 
between simultaneous, alternating or sequential 
synthesis of different hemoglobins in the immature 
erythrocytes of the bone marrow. However, the 
study of Kunkel and Bearn (7) of minor human 
hemoglobin components and the data on Fe®® in- 
corporation into minor hemoglobin components in 
this study indicate that the interrelationships of 
various hemoglobins are not necessarily simple since 
Fe®® activity of the hemoglobins may change with 
time. The fact that minor components. exhibit 
lower isotopic activities than the normal major 
component has been interpreted as evidence of 
change in hemoglobin with erythrocyte aging (7), 
although other explanations are possible. Follow- 
ing the administration of Fe*® the minor rapid he- 
moglobin component, hemoglobin A,, showed low 
Fe®® activity which subsequently increased ; in con- 
trast, in the absence of previous transfusions, the 
two major components of hemoglobin in patients 


with sickle cell trait, hemoglobin C trait, alkali 


resistant hemoglobin, and “group J hemoglobin” 


trait both showed comparable Fe*® activity through- 


HEMOGLOBIN 


COM PONENTS 


out the period of study. 
vide some evidence against changes in major he- 


These observations pro- 


moglobin components with erythrocyte aging. 

Studies in patients who had been previously 
transfused (L.B. and J.B.) demonstrated the ef- 
fect of previous transfusions in diluting hemo- 
globin A, with resultant higher isotopic activity in 
the fetal and hemoglobin C components. 

From the data obtained by recrystallization of 
heme from the hemoglobin components isolated 
by starch electrophoresis, most of the radioactivity 
appeared to be due to Fe*® in the heme of hemo- 
globin, although some (nonspecific) adsorption of 
the isotope elsewhere or incorporation into heme 
enzymes may have occurred. 

In view of the decreased Fe*® activity of the 
fast component (A,) of normal adult hemoglobin, 
the data concerning Fe*® incorporation in the pa- 
tient with an electrophoretically rapid major com- 
ponent are of particular interest. In that patient, 
S.P., Fe®’ incorporation into the electrophoretically 
rapid hemoglobin did not differ significantly from 
the incorporation into hemoglobin A,. However, 
lower radioactivity of small amounts of hemo- 
globin A, might not be detected in the presence of 
the large amount of rapid hemoglobin. The find- 
ings of the present study concerning major com- 
ponents of hemoglobin are in agreement with those 
of Motulsky who found no significant differences 
in Fe®® incorporation in major hemoglobin com- 
ponents in patients with hemoglobin H-thalassemia 
and sickle cell-hemoglobin C disease (10). 

The diminished radioactivity of the electro- 
phoretically rapid (A,) component of human he- 
moglobin, when compared with the isotopic ac- 
tivity of the lower main (A,) component, was first 
observed by Kunkel and Bearn (7); these in- 
vestigators also noted that this difference appeared 
to be related to erythrocyte aging. In the present 
study, a gradual increase with time in the Fe®® 
activity of the electrophoretically rapid A, com- 
ponent was again noted. Precise correlation of 
this effect with erythrocyte aging was not possible 
because of the probable occurrence of accelerated 
erythrocyte destruction in patients with dissemi- 
nated neoplastic disease. With accelerated eryth- 
rocyte destruction, particularly of the random va- 


riety, reincorporation of Fe*® into newly synthe- 


sized hemoglobin might result in consistently 
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higher isotopic activity in the A, hemoglobin 


component. 


Electrophoretically rapid hemoglobin component 
in experimental animals 


Studies of Fe°’ incorporation into the electro- 
phoretically rapid component of hemoglobin in 
two normal rabbits yielded data which could be 
better correlated with erythrocyte aging than the 
data obtained in man. In these rabbits a gradual 
increase in the isotopic activity of the fast com- 
ponent was noted during the first 48 days of the 
study. The decline which was observed at 70 days 
in the relative Fe®® activity of the most rapid he- 
moglobin component in one of these animals may 
have been related to reincorporation of the iso- 
topic iron into the newly formed main hemoglobin 
component. 

These observations in experimental animals indi- 
cate that an electrophoretically rapid hemoglobin 
may be formed in aging erythrocytes as suggested 
by Kunkel and Bearn (7). However, our pre- 
liminary studies of young and old erythrocytes 
separated by osmotic hemolysis (11, 12) have 
failed to demonstrate differences in relative iso- 
topic activity between the hemoglobin components 
in the young resistant cells as contrasted with the 
older more fragile cells. Furthermore, the hy- 
pothesis that erythrocyte aging is responsible for 
the formation of this electrophoretically rapid 
component fails to explain the appearance of sig- 
nificant isotopic activity in the rapid component 
within a few days after the administration of Fe*® 
when Fe®® labeled hemoglobin should be present 
only in young red blood cells. 

Further studies of this electrophoretically rapid 
hemoglobin component may disclose a correlation 
with decreasing enzyme levels in aging erythro- 
cytes. However, the influence of factors other 
than cell aging (for example, hemoglobin distri- 
bution within the erythrocyte) on the formation 
of this electrophoretically rapid hemoglobin com- 


ponent should also be studied. 


SUMMARY 


1. The incorporation of Fe®® into the major 


components of hemoglobin in individuals with 


AND PAUL KONO 


sickle cell trait, hemoglobin C trait, electropho- 
retically rapid major hemoglobin component of the 
“J group,” probable hereditary persistence of fe- 
tal hemoglobin production and thalassemia major 
revealed no difference in Fe*® incorporation in the 
major components. 

2. Observations on the minor electrophoretically 
rapid components of hemoglobin in a patient with 
sickle cell trait confirmed the observations of 
Kunkel and Bearn (7) that the isotopic activity of 
this hemoglobin A, component gradually increased 
during the 50 day period of study. 

3. The studies of the incorporation of Fe®® 
into the electrophoretically rapid component of the 
hemoglobin of rabbits also supported the hypothe- 
sis that the formation of an electrophoretically 
rapid hemoglobin component in experimental ani- 
mals is correlated with erythrocyte aging. The 
possibility that factors other than cell aging may 
influence the formation of this electrophoretically 


rapid normal component was discussed. 
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The concentrating and diluting mechanisms of 
the normal kidney contribute in an impressive 
manner to the defense of water economy. In 
health, a given amount of solute may be excreted 
in a widely varying volume of water which is de- 
termined under most circumstances by the water 
needs of the organism. This ability to regulate 
the osmolality of the urine accounts for a range of 
urine concentrations which extends from marked 
hypotonicity to marked hypertonicity.’ In the 
course of advancing renal disease, the total amount 
of solute excretion per 24 hours may remain com- 
parable to values achieved in health. It is a clini- 
cal observation of long standing, however, that 
the patient’s ability to vary the volume of water 
in which this solute is contained becomes progres- 
sively limited. Hence, the range over which urine 
tonicity may be extended becomes more and more 
restricted. Typically, this restriction is mani- 
fested initially by a decrease in the maximum at- 
tainable urine osmolality, followed somewhat later 
by a progressive inability to decrease the tonicity 
of the urine. Ultimately, urine tonicity deviates 
little in either direction from the concurrent plasma 
osmolality, and the stage of so-called “‘permanent 
isosthenuria” or “fixed specific gravity” super- 
venes. 

The intrarenal mechanisms responsible for the 
impaired ability to concentrate and dilute the 
urine in chronic renal disease have never been 
adequately explained. Although the opinion is 
widely held that the specific tubular sites for the 


* Supported by grants from the National Institutes of 
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Department of the Army, Research and Development 
Branch (DA-49-007-MD-772). 
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1A discussion of current concepts of the concentrating 
and diluting mechanisms of the normal kidney may be 
found in a recent paper by Berliner, Levinsky, Davidson 
and Eden (1). 


Service, and the 


concentrating and diluting operations are de- 
stroyed by the underlying pathologic processes, 
no experimental confirmation of this thesis has 
yet appeared. On the contrary, certain theoretic 
considerations render this explanation open to 
serious question. Thus, within the context of the 
conventional theory, the loss of concentrating 
ability before that of diluting ability must be re- 
lated to pathologic involvement of the site (or 
sites) of concentration in the tubule prior to the 
site of dilution. Moreover, this sequence of events 
must be identical in all chronic renal diseases as- 
sociated with the classic pattern of functional al 
terations, irrespective of the etiology or patho- 
logic characteristics of the specific disease entity. 
The supposition that such an orderly and predicta- 
ble progression of anatomic alterations may occur 
in a heterogeneous group of renal diseases is diffi 
cult to reconcile with recorded histologic data. 
Within recent years severai -oups have favored 
an alternative explanation (2-5). 
tribute the impaired ability to concentrate and di- 


This would at- 


lute the urine in chronic Bright’s disease to func- 
tional adaptations in the persisting nephrons of 
the diseased kidney.* Refractory isosthenuria 
could, therefore, evolve in the face of normal 
concentrating and diluting mechanisms in the 
surviving nephrons. 

Evidence has recently been presented from this 
laboratory which indicates that the persisting 
nephrons in the chronically diseased kidney re- 
tain many normal functional characteristics (6). 
The present studies represent an attempt to in- 
vestigate the functional integrity of the concen- 


2The two adaptations which have been considered 
are: 1) a continuing osmotic diuresis due to high filtered 
loads of urea; and/or 2) an increased glomerular filtra- 
Either of these could 


tion rate per functioning nephron. 
account for high rates of urine flow past the concen- 
trating and diluting sites. 
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CONCENTRATION 


trating and diluting mechanism in the diseased 
kidney. An experimental model has been con- 
structed which allows for the study of a diseased 
kidney in an essentially normal internal environ- 
ment. Three different forms of renal disease have 
been induced experimentally in dogs. In each ani- 
mal, the lesion has been produced in only one 
kidney and the opposite organ has been main- 
tained intact. The control kidney serves as a 
standard of comparison for the diseased organ. 
Moreover, the normal kidney prevents significant 
abnormalities from occurring in body fluids, re- 
gardless of the severity of the contralateral renal 
lesion. If the development of impaired concen- 
trating and diluting ability in a diseased kidney 
results from disruption of tubular transport sys- 
tems, refractory isosthenuria should ultimately oc- 
cur regardless of either the functional capacity of 
the opposite kidney, or the environment in which 
the diseased organ resides. Conversely, if the pro- 
gressive inability to modify the tonicity of the 
urine depends upon adaptive changes (1.e¢., con- 


tinuing osmotic diuresis) in functionally intact 


nephrons, the diseased kidney should retain es- 


sentially normal concentrating and diluting char- 
acteristics in an environment which minimizes any 
such adaptations invoked by the uremic state. 


METHODS 


Sixty experiments were performed on 17 female mon- 
erel dogs. In each animal one of three types of renal 
disease was induced in a single kidney and the opposite 
The 


renal disease include the following: 1) 


organ was maintained intact. forms of unilateral 
A chronic dis- 
ease which is characterized by marked contraction of the 
involved kidney and histologic abnormalities of the per- 
sisting nephrons including dilatation and atrophy of tu- 
bules, intratubular casts, interstitial fibrosis, decrease in 
size of some glomerular tufts and thickening of glomeru- 
This 
previously described in detail (7) is produced by per- 
fusing the totally anoxic kidney with a solution of an 


lar basement membranes. lesion which has been 


aminonucleoside (6-dimethyl aminopurine 3-amino-p ri- 
bose) and diverting the renal venous return to prevent 
recirculation. 2) Unilateral pyelonephritis produced by 
exposing one kidney through a flank incision, massaging 
it manually for five minutes, puncturing the renal pa- 
renchyma approximately 150 times with a 22 gauge needle 
and injecting 1 ml. of a four hour culture of /. coli in- 
travenously. Following the injection of bacteria the 
ureter is clamped for 20 minutes (8). Histologically, 
the diseased kidneys demonstrate changes of both acute 


and chronic pyelonephritis. 3) A reversible renal le- 


AND DILUTION BY THE DISEASED KIDNEY Sia 


sion induced by rendering the experimental kidney anoxic 
for 30 minutes and then perfusing it with a saline solu- 
tion under moderate pressure. The histologic changes 
are limited to the tubules and include vacuolated epi- 
thelial cells and intratubular casts (7). 

The concentrating capacity of the diseased kidney was 
studied, employing three different protocols. The maxi- 
mum urine/plasma osmolal ratio was determined follow- 
ing water withdrawal for at least 14 hours. The maxi- 
mum value for solute-free water abstracted (T‘x.o) was 
measured during osmotic diuresis induced by mannitol 
and with infusion. Values for 
T°u.o were also recorded during the infusion of hyper- 
tonic saline. The diluting capacity of the diseased kidney 
was investigated following the intragastric administra- 
tion of from 40 to 70 ml. per Kg. of water containing 
5 ml. of 


constant vasopressin 


absolute alcohol. Additional alcohol was in- 
fused in 0.45 per cent saline during the course of each 
experiment. The diluting capacity was also studied dur- 
fluid 
experiments, a moderate amount of 
water (20 to 30 ml. per Kg.) was administered without 
alcohol in order to study intermediate ranges of water 
diuresis. 

In each animal a preliminary bladder-splitting pro 


ing isotonic expansion of extracellular volume. 


In a number of 


cedure was performed in order to construct two perma- 
nent hemi-bladders. Each of the latter drains one kid- 
ney and allows for evaluation of the separate functions 
of the individual kidneys. Clearance studies were per- 
formed with the animals in the standing position and 
unanesthetized PAH were rou- 
tinely included in the sustaining infusions. Details of 
the clearance techniques and analytic procedures have 


state. Creatinine and 


been described in previous communications (7, 9). In 
all experiments, the behavior of the diseased kidney was 
contrasted with the simultaneous pattern of the contra- 
lateral intact organ. 


RESULTS 
Concentrating capacity 


During osmotic diuresis and with maximum 


vasopressin activity, the concentrating mecha- 
nism of the normal kidney in the dog abstracts 
from 5 to 8 ml. of water per 100 ml. of glomeru- 
lar filtrate. This volume of water reabsorbed in 
excess of an isosmotic equivalent of solute is re- 
ferred to as T‘y,0. Measurement of T%y.0 has 
been made in 20 experiments on 11 dogs (six 
with an aminonucleoside-induced lesion and five 
with pyelonephritis) during mannitol and Pitres- 
sin® (vasopressin) infusion. Two representative 
experiments, one on an animal with an aminonu- 
cleoside-induced lesion and the other with pyelo- 
nephritis, are shown in Table I. Glomerular fil- 


tration rates of the experimental (diseased) kid- 
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* Exp. refers to experimental (diseased) kidney ; 
Iy.0, solute-free water abstracted in the 


clearance; 


neys were significantly decreased both as com- 
pared with the original level of function before in- 
duction of disease and with the concurrent value 
Values for T° 
for the experimental kidneys were also appreciably 
for the However, 
the ratios of solute-free water ab- 


of the control (intact) kidney. H0O 


below those control kidneys. 

both dogs, 
stracted per 100 ml. of glomerular filtrate (T°q.0/ 
GFR X 100) were well within the normal range. 
Moreover, T‘q.0/GFR for the experimental kid- 
ney closely approximated the values for the in- 
tact organ. The slight superiority of values for 
the intact kidneys has been noted in 17 of the 20 
experiments and will be referred to again. 

In Table II, the concentrating capacity of the 
diseased organ in an animal with an aminonucleo- 
side-induced lesion is shown during the adminis- 


tration of 5 per cent sodium chloride. The pat- 


TABLE 
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tern is identical to that seen during the mannitol 
and vasopressin experiments. Thus, although 
GFR in the diseased kidney was decreased by over 
60 per cent, the values for T°y.0/GFR were within 
the normal range, and closely approximated those 
for the intact organ. 

The maximum urine/plasma osmolal ratios for 
the diseased and intact kidneys are shown in 
Table IIT for several representative dogs. In all 
animals, the experimental organ has retained the 
ability to elaborate a hypertonic urine, although 
the values have typically been somewhat less than 


those for the control organs. 


Diluting capacity 


Representative experiments for two dogs sub- 
jected to water-loading and alcohol administration 
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TABLE III 


Maximum osmolal urine/ plasma ratios of diseased and intact kidneys 
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t Aminonucleoside-induced disease. 
§ Pyelonephritis. 


are shown in Table IV. One dog (IV-A) had 
an aminonucleoside-induced lesion; the other 
(IV-B) had chronic pyelonephritis. Expression 
of data is similar to that employed in the concen- 
tration studies except that free-water clearance 
(Cyoo) rather than T*y,9 has been measured. 
The term Cy.0/GFR X 100 indicates the number 
of ml. of free-water in the urine per 100 ml. of 
glomerular filtrate. Despite marked reduction in 
GFR, values for Cy.o/GFR were within the nor- 
mal range for the diseased kidneys. 
terest, however, is the unexpected and quite con- 
sistent finding that Cy.0/GFR was greater for the 
diseased organs than for the intact kidneys. 


Of some in- 


The diluting capacity of the diseased kidney 
was also studied during isotonic expansion of ex- 
tracellular fluid volume. The results of such an 
experiment performed on an animal with an 


aminonucleoside-induced lesion are shown in 


Table V. 
kidney was less than 5 ml. per minute Cy.0/GFR 


Although GFR for the experimental 


increased progressively and, as was noted during 
water-loading and alcohol administration, the val- 
ues for this ratio exceeded those for the intact 
organ. 

Twenty-five experiments have been performed 
on 10 dogs following the administration of a 
moderate dose of water (1.c., 20 to 30 ml. per Kg.) 
without alcohol. These studies permit the com- 
parison of the diseased and intact kidneys during 
the ascending limb of a sub-maximal water diu- 
The results of experiments on four dogs 
Table VI. 


versible lesion induced by saline perfusion of the 


resis. 
are shown in Two animals had a re- 
anoxic kidney; one had an aminonucleoside-in- 


duced lesion and one had pyelonephritis. In the 
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Pyelonephritis (57 days after induction) 
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TABLE V 


Effects of sustained isotonic expansion of extracellular fluid (ECF) volume on diluting capacity 
of the diseased and intact kidneys * 


Cu.0/GFR 
Cosm Creo X100 


Clearance Z 
period Exp ‘ £xp on Exp Cont. Posm Exp. Cont. =xp. Cont. 


ml./min ml ml./min. mOsm./L ml./min, 
+ joe 3 0.21 As 0.08 0.44 277 0.13 0.71 
0 ‘ 0.42 ; 0.25 0.53 288 0.17 1.69 
3.8 » 0.64 43 0.31 0.66 288 0.33 L77 
9 26.4 0.67 ; 0.24 0.85 290 0.43 2.10 
5.0 24.1 0.76 : 0.32 0.76 288 0.44 1.80 


G0 00 60 > Ge 
CO CO SIN 


* Dog Fr.(8.2 Kg.). Aminonucleoside-induced lesion (109 days after induction). A simulated ECF solution 
was infused at the rate of 8.8 ml. per minute. Expanded volume was maintained by concurrent infusion of synthetic 
4 1 
urine solutions. 


majority of experiments, Cy.o/GFR increased in This represents a departure from the conventional 
a roughly parallel manner bilaterally. However, explanation which holds that the disease processes 
values for Cy.o/GFR generally were greater for produce intrinsic abnormalities of the sites of con- 
the experimental kidneys. centration and dilution in the nephron. The ex- 

one TOR perimental model in the present studies may help 
to distinguish between these two possibilities. 


The present studies were designed to investigate Each animal possessed one normal and one dis- 


the concentrating and diluting capacities of the eased kidney. The presence of the normal kidney 
diseased kidney. Within recent years several dictates that the combined (bilateral) nephron 
groups have suggested that isosthenuria in chronic population must always exceed 50 per cent of the 


bilateral renal disease may develop despite the original number. Because of this, plasma urea 
7 D> 
persisting integrity of the concentrating and di- levels have remained near-normal, and any com- 
luting mechanisms in the surviving nephrons. yensatory increase in GFR (per remaining neph- 
£ I 5 5 


rABLE VI 


Diluting capacity of the diseased and intact kidneys following sub-maximal water-load 


Cuwo/GFR 
Cosm 100 
Clearance 
period xp pnt I nt p Cont Posm <xp. me) Exp Cont. 
me.j/min ts ain mi min. mOsm. I ml, min, 


A. Dog Sl. (14.2 Kg. Reversible lesion (21 days after induction) 


15. 37. 1.48 : 0.48 1.38 .00 0.73 
13.8 36. ; 0.40 122 d .20 1.69 
14.3 53. 3.35 0.38 1.11 - .20 2.24 
4 Kg.) Reversible lesion (13 days after induction) 
39.2 t. .38 0.59 0.96 280 


36.9 . 2.4 0.57 0.89 281 
38.1 ; 2.58 0.49 0.93 284 


(8.0 Kg.) Aminonucleoside-induced lesion (210 days after induction) 
44.7 ; be 0.16 0.77 265 -0.06 
38.0 24 ode 0.14 0.78 266 0.10 
36.2 iS : 0.15 0.61 266 0.23 
38.8 45 ef. 0.14 0.68 267 0.31 


Dog Go. (17.4 Kg.) Pyelonephritis (25 days after induction) 


43.4 0.73 0.46 0.66 0.67 
40.6 1.68 1.42 0.65 0.68 
39.4 243 © 2:12 0.52 0.57 





CONCENTRATION 


ron) imposed by a marked decrease in bilateral 
If the 
conventional theory is substantially correct, the 
destruction of the sites of concentration and di- 
lution should result in impaired concentrating and 


nephron population would be minimized. 


diluting ability in the diseased kidney regardless 
of the presence of an intact kidney, or of the 
status of body fluids. Conversely, if the isosthe- 
nuria results from a continuing osmotic diuresis 
(due either to high filtered loads of urea, or to 
an increased GFR/functioning nephron), the dis- 
eased kidney in the present experimental model 
might retain essentially normal concentrating and 
diluting characteristics. 

In all animals studied, regardless of the severity 
of the renal lesion in the experimental kidney, 
values for the concentrating and diluting capaci- 
ties (when expressed as ml. of T%y.0 or Cy.0 per 
100 ml. of glomerular filtrate) have been within 
the normal range. These data serve to document 
the essential integrity of the concentrating and 
diluting processes in the persisting nephrons of 
The data 
isosthenuria of 


the diseased kidneys.* 
that the 
Bright’s disease may in most instances be ex- 


same suggest 


permanent chronic 
plicable on the basis of functional rather than ana- 
tomic changes. 

One functional change which occurs in the 
course of chronic progressing bilateral renal dis- 
ease would appear to be of fundamental impor- 
tance in the genesis of the restricted range of 
urine osmolalities. This consists of the fact that 
an ever-decreasing number of nephrons continue 
to excrete an essentially constant amount of sol- 
ute. In order to accomplish this, each nephron 
must excrete an increasing fraction of its glo- 
merular filtrate. The concentrating and diluting 


mechanisms of individual nephrons are thus 


brought to bear on an ever-increasing volume of 
tubular urine. Because of the rate limitations of 


these mechanisms, the degree to which the final 


’ Recent studies by Baldwin, Berman, Heinemann and 
Smith (10) on patients with bilateral renal disease are 
In the ma- 


in general agreement with this conclusion. 
af Hi H o/( il’ R 
In those in whom values 


jority of subjects, values for were within 


the normal range. were be- 
low normal, it is not yet apparent whether this may be 
attributed to an absolute decrease in T‘n.o or to an in- 


creased GFR per nephron 


AND DILUTION 


BY THE DISEASED KIDNE\ 
urine tonicity may be modified must decrease 
asymptotically towards isosmolality. 

The concentrating mechanism would appear to 
be impaired before the diluting mechanism for 
several reasons. First, the absolute change from 
isosmolality (e.g., 300 mOsm. per L.) is consider- 
ably greater for a maximally concentrated urine 
(circa 1,200 mOsm. per L.) than for a maximally 
dilute urine (circa 50 mOsm. per L.). A 50 per 
cent reduction in range on either side of isosmo- 
lality, due to a twofold increase in tubular flow 
past the active sites, would seem to represent a 
much greater defect in concentration than di- 
lution. 
per unit of glomerular filtrate in the concentrating 


Second, the amount of water abstracted 


process is approximately half the amount of free- 
water engendered in the diluting process (11). 
That a third factor may contribute to the loss of 
the ability to concentrate the urine before the 
ability to dilute the urine is suggested by certain 
observations in the present study. Thus, the data, 
while demonstrating the relative integrity of the 
the 
diseased organs, have also revealed certain differ- 


concentrating and diluting mechanisms of 


ences between the diseased and intact kidneys of 
individual animals. These differences are charac- 
terized by slightly lower values for T’y,0/GFR 
for the experimental kidney, and slightly higher 
values for Cy.o/GFR for the experimental kidney. 
The urine from the diseased kidney, therefore, 
always has a greater amount of free-water (either 
relative or absolute) per unit of filtrate than that 
of the normal organ. The existence of a similar 
phenomenon in both kidneys of the patient with 
bilateral renal disease would contribute further 
to the masking of the concentrating mechanism 
before that of the diluting mechanism. Studies 
are currently in progress to extend these observa- 
tions. 

In Figure 1, a theoretical formulation is pre- 
sented of the influence of progressive renal dis- 
ease on the range of urine osmolalities if the con- 
centrating and diluting capacities of all function- 
ing nephrons remain normal. It is assumed that 
at each level of glomerular filtration rate 600 
mOsm. of solute is excreted per 24 hours. Each 
nephron is assumed to be capable of removing 5 
ml. of water per 100 ml. of glomerular filtrate in 
the concentrating process (i.¢e., T“q.0/GFR x 100 


= 5), and of engendering 10 ml. of free-water per 
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Fic. 1. THEORETICAL 


CurRvVES SHOWING 


MAXIMUM AND MINIMUM 


OSMOLALITIES IN PROGRESSIVE RENAL INSUFFICIENCY IF CONCENTRATING 
AND DILUTING CAPACITIES OF EACH FUNCTIONING NEPHRON REMAIN 


NORMAL 


At each level of glomerular filtration rate, solute excretion is assumed to 


equal 600 mOsm. per 24 hours. 


100 ml. of filtrate in the diluting process (i.e., 
Cy.o/GFR xk 100= 10). Below a GFR of 20 
ml. per minute progressive inability to concentrate 
the final urine is noted. Ability to dilute effec- 
tively persists longer but eventually diminishes 


markedly also. 


SUMMARY 


The mechanisms responsible for the impaired 
ability to concentrate and dilute the final urine in 
chronic progressive renal disease have never been 
adequately explained. The conventional theory 
holds that the disease process results in anatomic 
destruction of the concentrating and diluting sites 
An alternative concept holds that 
the concentrating and diluting mechanisms of the 


in the nephron. 


persisting nephrons remain intact and attributes 
the ultimate development of permanent isosthe- 
nuria to an increasing volume of urine flowing 
In the present 
studies, the integrity of the concentrating and 


past the sites of these operations. 


diluting mechanisms of the diseased kidney has 
been investigated in an attempt to distinguish be- 
tween these two theories. One of three varieties 
of experimental renal disease has been induced in 
a single kidney of dogs in which the opposite kid- 
ney has been maintained intact as a control. The 
normal kidney served to prevent the evolution 


of body fluid abnormalities seen in bilateral renal 
disease. If the conventional theory is correct, 
the destruction of the sites of concentration and 
dilution in the diseased kidney should result in 
refractory isosthenuria regardless of the status 
of body fluids or of the presence of a contralateral 
intact organ. 

In all the animals studied, regardless of the 
severity of the renal disease or the degree of 
anatomic disorganization, values for the concen- 
trating and diluting capacities (expressed as ml. 
of T°g.0 or Cy.o per 100 ml. of glomerular fil- 
trate) of the experimental kidneys were within 
the normal range. These data serve to document 
the essential integrity of the concentrating and 
diluting processes in the persisting nephrons of 
the diseased kidney, and strongly imply that the 
pathologic processes do not destroy specific func- 
tional sites in the tubule. A theoretical explana- 
tion has been offered which allows for the de- 
creasing range of urine osmolalities in bilateral 
renal disease despite intact concentrating and 


diluting processes. 
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\ close relationship between pulmonary ventila- 
tion and blood flow exists in the normal function- 
ing of the lungs. Thus, primary alterations in 
one of these processes are difficult to distinguish 


from secondary changes in the other. In order 


to study these two functions in the intact animal, 


we have separated them by utilizing a technique 
which allows us to induce alterations in pulmonary 
ventilation constant in 
This 


pulmonary 


blood flow while keeping 
tidal 


changes observed in_ the 


rate and volume. report describes 
circulation 
and respiratory gas exchange of dogs in whom 
blood flow was decreased by hemorrhage and then 
restored by blood replacement. 

Studies on experimental animals and human 
subjects have indicated that all pulmonary vessels 
ire not open at the same time (1), and that the 
pulmonary circulation is able to accommodate a 
blood flow with little rise in 


the pulmonary arterial blood pressure (2-7). An 


marked increase in 


increase in blood flow, then, must be accompanied 
by a decrease in vascular resistance, presumably 
due to expansion of the pulmonary bed. How- 
ever, the mechanisms by which such accommo- 
dation occurs have not been fully elucidated, and 
questions remain as to the relative importance of 
physical forces, the effectiveness of vasomotor 
control and the significance of local pressor and 
chemo-reflexes. Moreover, only fragmentary 
data are available regarding the effects of pri- 
the pulmonary blood flow, as 


mary reduction i 


Preliminary results reported before the lederation 
ot American 
15, 1958 
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Denmark 


(8-10), or after diversion 


lungs, as in open heart 


in hemorrhagic shock 


of blood around the 


surgery. 
The results of the present study contribute in- 
formation on the response of the pulmonary ves- 


sels to a reduction in blood flow. Our findings 


suggest that as flow is diminished portions of the 
pulmonary vascular bed close completely, and 
that with restoration of flow there is some delay 


before these vessels reopen. 


METHODS 


Eight dogs, ranging in weight from 12 to 19 Kg. (mean, 
15 Kg.), were used in these experiments. The animals 
were anesthetized with sodium pentobarbital (35 mg. per 
Kg.) and infused with succinylcholine (0.4 wg. per ml.) at 
a rate sufficient to arrest respiratory muscular activity; 
no supplemental anesthesia was administered. 

a). Respiratory measurements. The animals were intu- 
bated with a cuffed endotracheal tube and ventilated with 
room air by a specially designed respirator, which inter- 
mittently delivered a known tidal volume at a constant 
flow rate (“square wave’’) and of uniform duration (11). 
Expiration was passive with the airway open to the atmos- 
phere. The expired gas was passed through a dry gas 
flow meter in which it was thoroughly mixed; at selected 
intervals samples were collected and analyzed for oxygen 
and carbon dioxide concentrations (12). In addition, a 
small stream of gas from the endotracheal tube was con- 
stantly drawn through an infrared carbon dioxide gas 
analyzer! so that a continuous record of the end-tidal car- 
bon dioxide partial pressure could be obtained (13, 14). 

At the outset of each experiment the respiratory fre- 
quency and tidal volume were adjusted so as to maintain 
the end-tidal gas carbon dioxide partial pressure within 
the normal range; once set, the ventilation was kept con- 
stant throughout the course of each study. 

The endotracheal pressure was continuously measured, 
so that a pressure-volume curve for each inflation could be 
obtained. Since the tidal volume remained constant, the 
slope of this curve (Figure 1) directly reflects the total 
lung-thorax compliance as the change in intrapulmonic 
volume (tidal volume) per unit change in transthoracic 
(endotracheal) pressure (15-17). 


1 Liston-Becker, Model 16. 
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b). Blood pressure measurements. A cardiac catheter 
was passed via the external jugular vein and positioned, 
under fluoroscopic guidance, so that its tip rested in the 
main pulmonary artery. Another catheter was placed in 
one femoral artery. Using P23D Statham strain gages, 
we obtained simultaneous tracings of the pulmonary and 
femoral arterial blood pressures on a cathode ray oscillo- 
scope; these were photographically recorded (Figure 1). 

c). Blood samples. At appropriate intervals during each 
experiment, blood samples totaling 15 ml. [approximately 
1 per cent of the estimated biood volume (18)] were ob- 
tained simultaneously from the femoral and pulmonary 
arteries and analyzed as follows: 

1). Oxygen saturation was determined spectrophoto- 
metrically using the Beckman D.U. spectrophotometer 
and the Nahas cuvette, according to the method of Holling, 
MacDonald, O’Halloran and Venner (19). 

2). Oxygen and carbon dioxide contents were deter- 
mined by the micromanometric method of Natelson as 
modified by Holaday and Verosky (20). 

3). pH was determined by passing blood directly from 
the catheters in the femoral and pulmonary arteries 
through a glass electrode pH meter, as described by 
Holaday (21). 

4). Hematocrit was measured using the microcentrifuge 
technique (22). 

5). Lactic acid concentration of arterial blood was de- 
termined by the method of Barker and Summerson (23). 

d). Calculations. the simultaneously obtained 
blood and gas samples we calculated the following: 

1). Carbon dioxide tension of arterial and mixed venous 


From 


blood from the Singer-Hastings nomogram (24) using the 
values obtained for the blood carbon dioxide content, pH 
and hematocrit. 

2). Pulmonary blood flow by the direct Fick principle 
using the values for the blood and gas oxygen contents. 

3). Respiratory (physiological) dead space by the Bohr 
formula using the carbon dioxide values and substituting 
the arterial for the alveolar carbon dioxide tensions (25). 


Thus: 
(Paco, — PeEco,) Vi 
Pag » 
where Paco, and Peco, are the carbon dioxide tensions 


(mm. Hg) in the arterial blood and mixed expired gas, 
respectively, and Vr is the tidal volume. 


respiratory dead space = 


When used in 
this manner, the total respiratory (physiological) dead 
space is equivalent to that portion of the tidal volume 
which does not undergo gas exchange with pulmonary 
capillary blood (26). 

4). Percentage of from the blood 
oxygen contents (ml. O2 per 100 ml. blood), using the ratio 


venous admixture 
of the concentration differences of arterial to end-pulmo- 
nary capillary blood:mixed venous to end-pulmonary 
capillary blood, as: (Cc’o, — Cao,)/(Cc’o, — CVo,) (27); 
“C20. refer to the oxygen concentrations in 
the arterial and mixed venous bloods, respectively, and 
“<¢ aft ” 

CO, 


blood which is assumed to be fully saturated. 


and ‘‘CVo,” 
refers to the “ideal’’ end-pulmonary capillary 


5). Buffer base of arterial and mixed venous blood from 
the Singer-Hastings nomogram, using the values obtained 
for carbon dioxide content, oxygen saturation, pH and 
hematocrit (24). 

e). Estimates of errors in the methods. All analyses were 
performed in duplicate. The reproducibility (one stand- 
ard deviation) of the analytical methods was as follows: 

1). Blood analyses: 
oxygen content, +0.2 volume per cent; carbon dioxide 
+0.1 mM +0.007; hematocrit, 
+1.0 per cent; lactic acid, +10 ug. per ml.; buffer base, 
+0.5 mEq. per L. 


2). Gas analyses: 


oxygen saturation, +1 per cent; 


content, per L.; pH, 


oxygen and carbon dioxide concen- 
trations, +0.04 per cent; carbon dioxide partial pressure, 
+0.5 mm. Hg. 

f). Estimates of variance. 
in Tables I through VI. 


The above data are contained 
Wherever possible the standard 
a (x a x} 


deviation (s.p. gh are ) and the standard error 
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TABLE I 


Relative changes in mean systemic and pulmonary arterial blood pressures and lung-thorax compliance during hemorrhage 


Estimated blood volume 


reduction (%) Control 


Number of dogs 8 


Mean femoral arterial 
blood pressure 
% of control) 
(Range) 


+ 1 standard 
deviation 


78 
(60-93) 


89 
(70-98) 


100* 


9.6 13.4 


Standard error of 
mean 3.4 
Mean pulmonary arterial 
blood pressure 
(% of control) 


100* 


(90-100) (72-100) 


(Range) 
+ 1 standard 


deviation 10.8 


Standard error of 
mean 3.8 
Lung-thorax compliance 


(% of control) 100* 99 98.0 


(Range) 


+ 1 standard 


deviation ie 2.43 


26 


Standard error of 


mean 0.86 


0.44 


68 
(42-90) 


93 3! ie 


(70-93) 


9.4 


75 


(97-100) (95-100) (92-100) 
2.48 


0.91 


42 48 


2 1 


42 
(30-60) 


15.6 


68 
(55-80) 


67 


(60-83) (55-82) 


—~2 
43 


(65-90) 


a2 10.6 


88.5 85.0 


(87-90) 


94.5 90.0 
97) (88-95) 


96.0 


(88-100) (92 


4.80 1.70 5 Re 4 


1.70 0.69 1.48 


* The actual mean values during the control period were: 135 mm. Hg for the femoral arterial blood pressure, 13.0 
mm. Hg for the pulmonary arterial blood pressure, and 30.5 ml. per mm. Hg for the lung-thorax compliance. 


HD 


of the mean (SE. = 


) are given (‘‘x’’ represents 
vn 


the mean, “x” the individual variation and ‘‘n’’ the number 
of determinations). In those cases where only the mean 
values and the range are given, we intend to show merely 
the direction of change, the degree of which was propor- 
tional to the percentage of the blood volume removed 
which varied from animal to animal. 

g). Procedure. After a 30 minute equilibration period 
two sets of control blood and gas samples were obtained 
one hour apart. We then began to bleed the animals from 
the other femoral artery in successive steps, each approxi- 
mating 5 per cent of the assumed blood volume [estimated 
as 10 per cent of the body weight (18) 7], until the systemic 
blood pressure fell to between 25 and 50 per cent of the 
After each aliquot of blood was removed, 
A sus- 


control level. 
three minutes were allowed for re-equilibration. 
tained hypotension was obtained after approximately one- 
third of the estimated blood volume had been removed. 
Over the next hour we collected three more sets of blood 
and gas samples, after which all the blood was replaced in 
similar step-wise increments.?. Another two sets of data 
were obtained during the hour following reinfusion. We 
then sacrificed the animals by injecting concentrated 


* Three of the eight animals died before complete data 
could be obtained for the postreinfusion period. 


potassium chloride into the left ventricle. As soon as the 
heart beat ceased, the chest was rapidly opened and the 
hilum of one lung clamped to prevent leakage of air and 


blood. The lungs were removed, fixed in formalin and 


microscopic sections prepared. 
RESULTS 


A. Systemic and pulmonary arterial blood pres- 
sure values 

Figure 2 and Tables I and II portray the rela- 
tive changes in the mean systemic and pulmonary 
arterial blood pressures and total lung-thorax 
compliance in terms of the percentage of their 
control values. The data plotted are the averaged 
values of the mean pressures obtained three min- 
utes following completion of each successive step 
in the process of bleeding and reinfusion. 

During blood volume depletion the systemic 
and pulmonary arterial blood pressures both de- 
creased until the pulmonary pressure reached ap- 
proximately two-thirds of its control value (from 
13 to 8.5 mm. Hg). Despite additional blood 
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Values for the control period are: main pulmonary artery blood pressure, 13 mm. Hg; fe- 
moral artery blood pressure, 135 mm. Hg; lung-thorax compliance, 30.5 ml. per mm. Hg. 


loss, the pulmonary pressure then stabilized at 
this level, falling only slightly, whereas the sys- 
temic pressure continued its marked decline. 
When the blood was replaced, the systemic s- 
sure returned to only 90 per cent of ae 


hemorrhagic level, whereas the pulmonary pres- 
sure exceeded its control value by 10 per cent. 


B. Blood flow 


During the control period the blood flow aver- 


aged 2.6 L. per minute. Following blood re- 
moval, the flow fell to between 21 to 35 per cent 
After the blood was rein- 
fused the blood flow returned to 68 per cent of 


the control level (Table III, Figure 3). 


of the control value. 


C. Respiratory dead space 


The _ total (physiological) dead 
space, as derived by the above methods, is the sum 


respiratory 


of the “anatomical” or airway dead space, and the 
“alveolar” dead space (28-34). The 


so-called 


“anatomical” portion of the dead space is a vir- 
tual volume equivalent to the volume of the respira- 
tory passages leading to the alveoli. The “alveolar” 
dead space represents the volume of air ventilating 
alveoli which are either not perfused, or inade- 
quately perfused, and depends upon the overall 
ventilation-perfusion relationship in the alveoli 
throughout the lung (26). 

the ventilated alveoli 


se 


Under normal conditions, 
are well perfused so that the ‘alveolar’ dead space 
is negligible and the total respiratory (physio- 
logical) dead space is equivalent to the ‘‘anatomi- 
cal” dead space alone (31, 32). When, however, 


blood flow is diminished in relation to ventila- 


‘ 


tion, a significant “alveolar” dead space may de- 
velop in addition to the “anatomical” dead space 
(26, 34). 

During the control period the total dead space 
comprised 33 per cent of the tidal volume (dead 
space, 74 ml.; tidal volume, 220 ml.) (Table III, 
Figure 3). There was no significant arterial to 


end-tidal carbon dioxide tension difference (Table 
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IV, Figure 4), so that we can assume that no 
significant “alveolar” dead space existed, all the 
dead space being “anatomical.” Following re- 


moval of one-third of the estimated blood volume, 
the total respiratory (physiological) dead space in- 
creased to 55 per cent of the same tidal volume 
(120 ml.), and an arterial to end-tidal carbon 
dioxide tension gradient appeared which averaged 


8 mm. Hg. This indicates the development of a 
significant “alveolar” dead space. When the blood 
volume was restored (minus the 6 per cent ex- 
pended for samples) the dead space volume re- 
turned toward the control volume (90 ml.) and 
the carbon dioxide tension difference decreased 
mm. Hg. The in the mixed 
venous blood carbon dioxide tension presumably 
reflects only the decreased cardiac output; it 


to 2.5 increase 


returned to its control level after blood restora- 
tion (Tables III and IV, Figures 3 and 4.) 


SAMPLES 





% BLOOD 
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The percentage of venous admixture was re- 
duced, following hemorrhage, from a control 
value of 18 to 11 per cent. After blood volume 
was restored, this was further decreased to 5 per 
cent, and then rose to 7 per cent one hour after 
blood volume restoration (Table III). 

During the control period the average oxygen 
saturation of the arterial blood was 95 per cent 
and of the mixed venous blood, 72 per cent. Fol- 
lowing hemorrhage, the mixed venous blood oxy- 
gen saturation decreased to only 30 per cent, and 
the arterial blood achieved 90 per cent saturation 
(Table V, Figure 4). This fall in the arterial 
oxygen saturation is commensurate with the de- 
gree of admixture of markedly unsaturated venous 
blood and the decreased effective alveolar venti- 
lation. There is thus no evidence of a barrier to 
gas diffusion; with blood replacement both values 
rapidly returned to their control levels. 








VOLUME 


° a 
phlciied ie ity 


i 


HEMATOCRIT 


TIDAL VOLUME 
a 
ALVEOLAR 
VENTILATION 
4 
PULMONARY 


BLOOD FLOW 


0.73 





4 


HePERORED cela 


1-H 


2.30 200 








TIME hours ) 


Fic. 3. CHANGES IN PuLMONARY BLoop FLow PER INFLATION, Q. (BLAcK CoLUMNS), AND 
Twat Votume, TV, Durtnc Controt Periop (1, 2}, Fottowrnc Hemorruace (3, 4, 5) AND 


AFTER BLoop RESTORATION (6, 7) 


The tidal volume is divided into alveolar ventilation, V, (hatched area), and total respira- 


tory dead space (white area). 


The dead space is further divided by the broken line into 


“anatomical” dead space above, and “alveolar” dead space below. 
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TABLE II 


Relative changes in mean systemic and pulmonary arterial blood pressures and lung-thorax compliance during reinfusion 


Estimated blood volume 
reduction (%) 


Number of dogs 


Mean femoral arterial 
blood pressure 
(% of control) 


(Range) 


+ 1 standard 
deviation 

Standard error of 
mean 


Mean pulmonary arterial 
blood pressure 


(% of control) 80 


(65-100) 


74 


(Range) (60-90) (60-90) 


+ 1 standard 


deviation 16.1 13.2 14. 


Standard error of 
mean 


5.9 


Lung-thorax compliance 


% of control) 94.0 


(90-98) 


95.0 
(Range) 


+ 1 standard 


deviation 3.46 4.80 


Standard error of 
mean 


*One hour after all the blood was returned. 


The arterial and mixed venous blood pH values 
declined after hemorrhage, as did the values for 
the buffer base concentration (Table V, Figure 
5). These changes were accompanied by a simul- 
taneous rise in lactic acid concentration, sugges- 
ting that products of anaerobic metabolism were 
the source of the metabolic acidosis which de- 
veloped. 

The total lung-thorax compliance declined to 90 
per cent of its control level with blood removal 
and then returned to the control value following 
blood replacement (Tables I and II, Figure 2). 
This decrease could mean either that the lungs 
became “stiffer” as pulmonary blood flow was 
reduced, possibly owing to increased bronchomotor 
tone or changes in pulmonary blood volume, or 
that there was a decrease in the functioning lung 
of (35-38). 


Histological sections of the sealed lungs from dogs 


tissue owing to collapse alveoli 


that died during hypotension showed areas of 


collapse, particularly in the hilar regions (Fig- 


(90-100) 


85 
(55-100) 


91 
(65-100) 


87 
(60-100) 


83 
(55-100) 


18.9 15.8 14.7 19.7 


8.8 


110 
130) 


96 
(80-120) 


88 


(70-110) (90 


14.5 14.1 16.9 


69 


95.5 96.5 98.0 99.0 98.0 


(91-100) (93-100) (93-100) (95-100 (93-100) 


4.58 3.00 2.92 3.10 


2.10 1.34 1.31 


ure 6), which would tend to support the latter 


explanation. 


DISCUSSION 


The findings obtained in this study are signiti- 


cant in First, with reduction in 


blood flow the systemic arterial blood pressure 


two respects. 
decreased continuously, whereas the blood pres 
off 


Was a 


sure in the main pulmonary artery leveled 


after an initial decline. Second, there 
marked increase in the total respiratory (physio- 
logical) dead space attributable to the development 
of a significant “alveolar” dead space. Tollowing 
the blood 
blood pressure did not return completely to its 


the 


restoration of volume, the systemic 


whereas pulmonary 


The 


control 


pre-hemorrhagic level, 
pressure actually exceeded its control value. 


total dead decreased towards the 


volume, but remained somewhat greater than be- 


space 


fore hemorrhage, and the lung-thorax compliance 


returned to its starting level. 
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SAMPLES 


EXPIRED CO 


SATURATION 


ic. 4 
BLoop AND Enpb-TipaL Gas Carson Diox1pdE TENSIONS, 
ARBON DIOXIDE EXPIRED PER VENTILATION, 
Mixep VENOUS OXYGEN 
Controt Pertop (1, 2), For- 


AFTER 


VARIATIONS IN ARTERIAL AND MIXED VENOUS 


VOLUME OF ( 


AND ARTERIAL AND BLoop 


SATURATIONS DURING THE 


LOWING HEMORRHAGE (3, 4, 5) AND Bioop ReE- 


STORATION (6, 7) 
Note the arterial 
wi ict 


to end-tidal carbon dioxide tension 


gradient developed after hemorrhage 


In the face of an equivalent reduction in bloed 
How, maintenance of the central pulmonary ar 
terial blood pressure, despite a continuous de 
cline of the systemic arterial blood pressure, sug 
gests either an elevation of left auricular pressure 


or an increase in the pulmonary vascular re 


sistance. To evaluate the first possibility we 
measured left auricular pressure by direct needle 
puncture in two additional dogs and found a pro 
gressive decrease during hemorrhage (Table VI). 
Thus, it as blood flow de- 
pulmonary vascular resistance rises 
This 


a) uniform and pro 


must be assumed that 
creases the 
more rapidly than the systemic resistance. 
could occur as a result of: 


QTessive vasoconstriction throughout the lungs, 


or bh) complete closure of an ever-increasing 
number of pulmonary vascular channels, or both 
processes occurring simultaneously. An “alveo- 
lar” dead space could develop with either alter- 
native. A distinction between these two mecha- 


nisms can be made from our data by examining 
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the blood and gas carbon dioxide tensions, and 
the blood oxygen saturations. 


Normally, there is adequate perfusion of the 
ventilated alveoli so that an equilibrium for a 
readily diffusible gas, such as carbon dioxide, 


will exist between alveolar gas when sampled as 
end-tidal gas, and end-pulmonary capillary blood 
when sampled as arterial blood (25, 27, 39-41). 
We found this to be true for our control deter- 
minations. Figure 7 is a schematic portrayal of 
the lung showing the relationship between pulmo- 
nary circulation and ventilation, according to the 
values obtained from the blood and gas analyses 
during the control period. 

Following blood volume depletion, if the blood 
flow 
formly throughout the lung, as by partial vaso- 


to the ventilated alveoli were reduced wnt- 


constriction, a carbon dioxide equilibrium be- 
tween end-tidal gas and arterial blood would still 
exist because of the great diffusibility of this gas 
(42-44). 
end-tidal gas carbon dioxide tension fell below 
blood (Table IV, Figure 4), 


end-tidal 


Our findings, however, show that the 


that of the arterial 


so that a marked arterial to carbon 
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CHANGES IN ARTERIAL 


DIOXIDE 


Fic. 5. 


3L00D CARBON TENSIONS, 


Lactic AcIp AND BUFFER 


ING CONTROL PERIOD 


(3, 4, 5) 
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Fic. 6. Microscoptc APPEARANCE OF LUNG SECTIONS FROM A Doc THAT Diep Durtnc Hypotension 


A. Hilar portion showing collapse of alveoli. B. Peripheral portion showing air filled alveoli and relativels 
avascular parenchyma. 
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TABLE 


CHRISTEN RATTENBORG, 


AND DUNCAN A. HOLADAY 


Ill 


Res piratory and circulatory observations during hemorrhage and reinfusion 


Control 


Sample 1 2 


Number of dogs 8 8 


lidal volume (ml.) 220 220 


(Range) (200-270) (200-270) 


Ventilations per minute 
(Range) 
Potal (physiological) respira- 
tory dead space (ml.)* 74 75 
(Range) (61-87) (66-88) 
% of control 100 100 


Effective alveolar ventilation 
(ml. per inflation)* 145 
(115-204) 
100 


146 


(115-206) 
100 


(Range) 
of control 


Pulmonary blood flow 
(L./min.)* 2.6 


(1.1—8.1) 
200 
100 


2.6 
(1.1-5.7) 
200 
100 


(Range) 
ml. per inflation 
& of control 


| stimated blood volume 


(% of control)* 100 100 


Venous admixture* 
(% of cardiac output) 16 18 


Ventilation /perfusion ratio* 0.73 0.73 


Respir. torv exc hange ratio* 0.90 0.94 


The mean value for the entire group is given to indicate the direction of change 


(200-270) 


(98-144) 


(60-168) (55 


(0.19-1.1) 
4 
2 


Hemorrhage Restoration 


4 5 6 7 
8 8 5 5 
224 224 


(200-270) (200-270) 


220 


(200-270) 


220 


(200-270) 


220 


13 13 : 2 12 


(11-15.5) (11-15.5) » : (11-13) 


120 2: 90 88 


(98-145) (76-107) (78-100) 
162 120 118 


122 
(98-150) 
164 167 
98 100 96 134 136 


(54-163) (80-163) (78-177) 
66 94 93 


167) 
67 69 


75 1.60 
2.4) 


0,92 i. 
(1.4 (0.63-2.2) 
7 146 134 
3 68 62 


0.55 0.65 


(0.25 (0.31-2.8 
50 


) 
l 25 


1.6) 


67 5 94 


(52-79) 


9 5 


2.30 2.00 0.90 1.00 


1.10 1.10 0.97 0.90 


The degree of change was pro- 


portional to the amount of blood removed, which varied from animal to animal. 


This 


significant 


dioxide tension difference was present. 
indicates that the development of a 
“alveolar” dead space is responsible for the in 
total 


conditions of 


crease in the (physiological) dead space. 


Thus, under reduced pulmonary 
blood flow we must view the lung as though por- 
tions of the pulmonary bed close completely, 
leading to nonuniform perfusion as indicated in 
Figure 8. Those ventilated alveoli which are no 
longer perfused cease to take part in gas ex- 
change, and thus contain only that carbon di- 
the dead 


On expiration, the gas 


oxide washed into them from space 
during inflation (34). 
coming from these alveoli dilutes the carbon di- 
oxide coming from the perfused alveoli, lowering 
the end-tidal 


ing to the development of a carbon dioxide ten- 


carbon dioxide tension and _ lead- 


sion gradient between the end-tidal air and the 


Such a is compatible 


blood. 


with our findings. 


arterial concept 


\ probable mechanism by which such nonunt 
form closure of blood vessels could occur involves 
the relationship between the forces which keep 
blood vessels open and those which tend to close 
The primary force which distends the 
This 


is opposed by the tension within the vessel walls, 


them. 
vessels is the intravascular blood pressure. 


the surrounding tissue pressure and, in the case 
of the lung during intermittent positive pres- 
sure ventilation, the intrapulmonic air pressure 
which tends to compress the delicate pulmonary 
with little 


capillaries suspended in an air matrix 


solid support. 
As the blood flow decreases there occurs, initi- 
ally, a fall in the central pulmonary arterial blood 


pressure. When the blood pressure drops to a 
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TABLE IV 


Arterial and mixed venous blood and end-tidal gas carbon dioxide tensions, and end-tidal to arterial 
carbon dioxide tension gradients 


Control Hemorrhage Restoration 


Sample 
Number of dogs 
‘Estimated blood 
volume removed 33 
(Range) (21-48) 
Mixed venous blood 
Poo, (mm. Hg)* _ 41.0 3253 Sha 
(Range) 35-5 (30-57) (34-78) (34-91) 
\rterial blood Peco, 
(mm. Hg)* 35.5 35is 33.6 34.0 36.0 
(Range) .9-43.0) (26.7-42.0) (23.9-48.3) (19.5-47.5)  (18.4-44.8) 
E-nd-tidal gas Peo, 
(mm. Hg)* 35.2 34.9 25.3 26.0 28.2 34.0 
(Range) (29.0-39.0) (29.5-40.5) (18.0-32.5) (15.5-38.0) (14.0-36.0) (30.0-39.0) (21.0-38.0) 


Average end-tidal to 
arterial Peo, gra- 
dient (mm. Hg)* 0.3 ; Pa 8.0 7.8 2.5 


5 


(Range) ( —2.3-4.0) 8-2. . vt] (2.6-21.0) (1.6-26.7) 2.4-6.1) (—0.4—5.0) 


* The mean value for the entire group is given to indicate the direction of change. The degree of change was pro- 
portional to the amount of blood removed which varied from animal to animal. 


TABLE \ 


Changes in blood values during hemorrhage and reinfusion 


Control Hemorrhage *storation 


Sample 
Number ot dogs 
Percentage blood oxyger 
saturation* 
Arterial 94.7 94.8 93.0 90.0 90.0 98.0 97.0 
(Range 90.2-97 9) 89.0-99,1) (75.8-100) 70.0-100 72.7-100 96.1-99.7) 95.9-98.6 
Venous 2.9 rb Pe | 30.2 32.0 $14.2 74.1 66.0 
(Range ‘ 84.2) 50-87.2 (7.2-61.5) 10.0-66.3) 11.0-76 69.2-81.1) 61.0-71.9 
Hematocrit* 
Arterial 40.3 40.7 34.0 31.0 30.5 35.8 36.9 
(Range) 34.4-48.2) 34.6-47.8) 26.9-42.7) 20.4-41.3 24.0-37.0) 24.3-41.8 30,.0-42.0 
Venous 41.0 41.5 31.2 30.8 35.1 37.2 
(Range) 34.2-51.8) 34.6-49.0 ( 41.3 (24.5-37.0 24.5-37 30.0—38.6) 9. 1-45.0 
Blood pH* 
Arterial 318 7.318 P 7.140 4135 
Range 33-7.383 7.218-7.411 (6. 7.38 6.6997 .388) 6.700-7.361) 
Venous 28 7.286 ; 7.053 7.068 
(Range) §2-7 7.184-7.390) ( a 6.582-7.363) 6.630-7.314) 
Blood buffer base 
(mEq./L.)* 
Arterial 39.6 39.6 33.1 29.6 31.5 37.9 
(Range) 36.3-44.8 36.2-42.8) (21.8-39.6 15.6-40.0) 15.5-40.2) 34.2-42.0 37 .0-42.2 
Venous 39.3 39.4 33.3 28.4 31.0 37.0 38.5 
(Range) 36.0-44.3 36.9-42.8) (20.7-40.6) 14.2-40.7) 14.6-40.1) 33.1-42.3 36.4-42.1 
Lactic acid concentration 
(ug./ml.)* 
Arterial 190 172 380 677 557 182 155 
(Range) 76-338) 75-257) (125-965) 117-1,347) 165-1,570 140-240) 99-199) 


* The mean value for the entire group is given to indicate direction of change The degree of change was proportional to the amount of 
blood removed which varied from animal to animal 
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IABLE VI 


lverage mean systemic and pulmonary arterial blood pressures and left atrial pressure in 
two dogs during hemorrhage and reinfusion 


During hemorrhage During reinfusion 


ated blood volume 
m (%) 
wal arterial blood 
ire (mm. Hg) 
arterial blood 
Hg 





M.V. = 2860 mi. 





CONTROL en nn 


rote 1B /min 











Va = 146 mi/dreatn 


95 % HbO, 
PORTRAYAL OF THE RELATIONSHIP BETWEEN PULMONARY 


Fic. 7. SCHEMATI 
TO THE VALUES OBTAINED DURING THE 


CIRCULATION AND VENTILATION ACCORDING 
CONTROL PERIOD 
represented by the circular areas into which are directed shaded 


Phe alveoli are 
or “anatomical” dead space. The darkly 


tubes designating conducting airway 
shaded channels surrounding the alveoli represent pulmonary blood flow. The 
large arrows entering the alveoli indicate the distribution of the inspired air, and 


the small arrows represent diffusion of respiratory gases across the alveolar capil- 
above designates the minute volume, which 


lary walls. The rectangular block 
is divided into total respiratory dead space (white area) and effective alveolar 
ventilation (hatched area) (26). 

0. pulmonary blood flow (per inflation), , alveolar ventilation, TV = 
tidal volume, and P,, Pa, Pa and Pe. +. represent the carbon dioxide tensions in 
mixed venous and arterial bloods, and alveolar and end-tidal gases, respectively. 


The figures shown are the mean values 
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HEMORRHAGE 


M.V. = 2860 mi 


T.V. # 220 mi, 





effective 


CAPILLARY CLOSURE 





rote * I3/min 


: \ \\ N 
Va = 1300 mi/min 








Va /Qc = 2.0 


Fic. 8. 


MONARY 


SCHEMATIC 
CIRCULATION AND 


DuRING THE Mip-PorntT ot 


PORTRAYAL OF 
VENTILATION, 
rHE HYPOTENSIVE Pertop (Point 4) 


DEAD SPACE 


PuL- 
OBTAINED 


BETWEEN 
DaTA 


RELATIONSHIP 
BASED 


THE 
UPON 


The lung is portrayed as if some portions of the pulmonary vascular bed 


were closed completely, all the “alveolar” dead space being limited to the 


nonperfused alveoli. 


In the block representing the minute volume the dead 


space ventilation, indicated by the white area, is divided by the broken line 
into “anatomical” dead space above, and “alveolar” dead space below. 


critical level below the opposing pressures, some 
of the pulmonary capillaries may then close com 
pletely (45-52). 
in the size of the vascular bed leading to a rise in 


This would evoke a reduction 


vascular resistance ; the central pulmonary arterial 
blood pressure could then be maintained despite 
a progressive reduction in blood flow. Since 
these pressure relationships may not be uniform 
throughout the lung, this process may take place 
in scattered portions of the lung and lead to closure 
of vessels despite a blood pressure in the main 
pulmonary artery considered adequate for per- 
fusion. When the blood flow again increases, the 
resistance offered by the closed vessels to passive 
reopening would initially require a driving force 
in excess of that necessary to maintain flow in 
patent channels. This force must be provided by 
increased work on the part of the right ven- 


tricle resulting in a rise in the pulmonary arterial 
2 the 


hlood pressure (Figure 2) (53), or cardiac 


output could not be maintained at its control level 
(54). 

We feel that the evidence presented here sup 
ports the concept that decrease in pulmonary blood 
flow can lead to complete closure of pulmonary 
(59), least intermittent 


JO). cat during 


Such 


vessels 
positive pressure ventilation. a mechanism 


be 


ascribed to pulmonary vasomotor activity (57), 


may responsible for some of the phenomena 


and may, in part, account for the variations in 


pulmonary diffusing capacity noted under di 


(42, 44, 


also help to explain some of the respiratory diffi 


ferent circumstances 58-00). It may 


culties occasionally seen during hemorrhagic 


shock in patients receiving artificial ventilation, or 
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following complete circulatory bypassing of the 


lungs, as in open heart surgery (61). 


SUMMARY 


1. Blood flow in eight anesthetized dogs was 
decreased by removal of one-third of the estimated 
blood volume and then restored by blood replace- 
ment. 

2. The pulmonary and systemic arterial blood 


pressures, total lung-thorax compliance and end- 


tidal carbon dioxide gas tension were continu- 


ously measured. Pulmonary and systemic ar- 
terial blood samples were analyzed for oxygen 
and carbon dioxide contents, pH, hematocrit val- 
ues and lactic acid concentrations. Samples of 
mixed expired air, obtained simultaneously with 
the blood samples, were analyzed for carbon di- 
oxide and oxygen concentrations. From these 
data we calculated pulmonary blood flow, respira- 


dead 


oxide tensions and buffer base. 


tory space, venous admixture, carbon di- 


3. The significant findings were as follows: 


With reduction in blood flow the systemic 
arterial blood pressure declined continuously, 
whereas the pulmonary arterial blood pres- 
sure stabilized after an initial decline, there- 
after dropping only slightly. 

The respiratory dead space increased fol- 
lowing hemorrhage, with the appearance of 
a marked carbon dioxide tension gradient 
between the arterial blood and the end-tidal 
gas, indicating development of a significant 
“alveolar” dead space. 

Upon restoration of blood volume the pul- 
monary blood pressure initially rose above 
its control level. The respiratory dead space 
decreased toward its control volume and the 
tension gradient was _ re- 


carbon dioxide 


duced. 


4. We conclude that, with intermittent positive 
pressure ventilation, reduction of pulmonary blood 
flow may lead to c nplete closure of portions of 
the pulmonary bed and that, following restora- 
tion of blood flow, there is some delay before 


these vessels again reopen. 
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Until recently, many clinical and the labora- 
tory investigators considered an atherosclerotic 
artery to be a relatively inert tissue and its excess 
lipid and cholesterol concentration the passive, 
chronic result of intramural deposit. The dem- 
onstration by Siperstein, Chaikoff and Chernick 
(1), by Eisley and Pritham (2) and Werthessen, 
Nyman, Holman and Strong (3) of the ability of 
the aorta of some animals to synthesize choles- 


terol and the discovery by Biggs and associates 
f 


(4) of the presence of recently fed cholesterol in 
human atherosclerotic artery suggested the par- 
ticipation of such an artery in the general day to 
day cholesterol metabolism of the mammal. Azar- 
notf has found (5) that aortae of humans, dogs, 
rats and cats synthesize not cholesterol itself, but 
another unidentified digitonin-precipitable sterol. 
Zilversmit, Shore and Ackerman (6) showed not 
only the existence of amazingly active phospho- 
lipid synthesis on the part of the aorta of an 
but 
differential activity in such synthesis between an 


atherosclerotic rabbit also demonstrated a 


atherosclerotic plaque and neighboring normal 
areas. 

However, the triglyceride dynamics of the athero- 
sclerotic artery are not well known. The present 
report describes some features of the participation 
of an atherosclerotic vessel in the disposition of an 
orally administered triglyceride tagged with [?*’. 


METHODS 


Seven rabbits were fed a commercial pellet diet en- 
riched with cholesterol (2 per cent) and cotton seed oil 
(2 for three months, after which time they 


per cent) 


were placed again on ordinary Purina rabbit chow for 
Medical 
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another three months. Then each of these previously 


tube 
ine 


For con 


stomach 
of 


hypercholesteremic rabbits was given by 
2.0 ml. of iodinated triolein containing 0.73 me 
(Raolein®, Abbott!) for three successive days. 
the same 


trol purposes, two normal rabbits were given 


dosage of I™ triolein. For additional control purposes, 
one previously hypercholesteremic rabbit and two normal 
rabbits were given 2.0 ml. of Nal solution containing 0.73 
All rabbits were 


given KI (2 mg. of KI per Gm. of Purina rabbit chow ) 


me. of Nal™ for three successive days 


for two days prior to the feeding of radioactive iodine in 
to Ee the 


thyroid gland. 


order prevent significant absorption of by 


Seven days after the initial administration of the radio 


active triolein or sodium iodide all of the animals were 


sacrificed. The aorta of each of the previously hyper 


and its degree of 


The atheromata 


cholesteremic animals was examined 


atherosclerosis was grossly estimated 
consisted of smooth white glistening thickened areas with 
out fibrosis or lesions either grossly or histologically 
Microscopic sections stained with Sudan IV showed the 
presence of both intra- and extracellular lipid. Then a 
section of the aorta beginning from the attachment of the 
the 


semilunar valves was so cut from each rabbit that 


total area of intima always equaled approximately 
This first 
total radioactivity. <A 


sq. mm. section was used for determination 


of second section of aorta also 


was obtained for radioautography. The adventitial fat of 


these aortic sections was removed with meticulous care 


The segments then were weighed Then, in addition, a 


section of adrenal, adventitial fat of the aorta, perirenal 
fat, 


cut up into small fragments and thoroughly washed. 


liver, kidney and thyroid were obtained, weighed, 
The aorta of each of the normal rabbits given either 
[™ or 
adventitial fat and weighed 

The 


mined as follows 


triolein Nal™ was similarly sectioned, cleaned of 


content of the organ and samples was deter 


Organ fragments were placed in uni 
iodinating commercial trio 
monochloride the 
atom to 1,000 molecules of 
sulting iodinated fat is then mixed with peanut oil to in 
crease to While 


more than 90 per cent of the I™ is lipid bound, in our 


1 This material is made by 


lein with iodine in proportion of one 


of iodine triolein he re 


volume in order facilitate handling. 


hands chromatographic analysis has shown the presence 


of at least five I’ containing lipids 
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DEPOSITION 


form glass test tubes, 0.9 per cent saline added to a con- 
stant volume of 2 ml., and all samples counted in a well- 
type scintillation counter with a spectrometer scaler long 
enough to ensure counting errors of less than 3 per cent. 
Counts obtained were corrected for decay to the date of 
injection. 

Dental (no screen) film packs were exposed for two 
half-lives to the second aorta segments of all rabbits. 
Tissues were maintained hydrated by wrapping with 
Saran Wrap® and preserved by refrigeration. In the 
atherosclerotic rabbits given either triolein I’ or Nal™, 
films also were exposed to a section of adrenal and of 
aortic adventitial fat. 


RESULTS 


The data indicated convincingly that I**' from 
orally ingested triolein was capable of entering 
and remaining in an atherosclerotic plaque. Thus 
in the four rabbits exhibiting thick and confluent 
aortic atherosclerosis, the radioactivity of the first 
section of atherosclerotic aorta on a unit weight 
hasis (see Table I) was as intense as that found 
either in the aortic adventitial fat or in the peri- 
renal fat but not as great as that observed in the 
adrenal. It is of interest too that the radioac- 
tivity of the aortic sections obtained from the 
severely atherosclerotic rabbits (see Table 1) was 
four times as great as sections of similar area ob- 
tained from less severely atherosclerotic rabbits. 
On a weight basis, however, the intensity appears 
to be only about twice as great. 

On the the 
normal rabbits given I**! triolein failed to exhibit 


other hand, aortic segments 0 


significant radioactivity (see Table 1). As com- 
pared with the radioactivity of aortic segments 
from atherosclerotic rabbits given triolein [)*, 
relatively little radioactivity was found in the 
aortic segments of either the normal or the athero- 
sclerotic rabbits given Nal**!. Additionally, only 


minimal excess concentration of I?*! was found in 


the fatty tissues of these animals given Nal**! 
in contrast to the marked preferential concentra- 


Ap- 


parently any fatty tissue, including the adrenal 


tion in such tissues of I'*! from triolein. 
gland, appears capable of preferentially receiving 
and retaining, for a time at least, I?*! from triolein. 
This capability is much less manifest in the case 
of inorganic iodine. Such organs, however, as 
the liver, the kidney and the previously iodide 
“blocked” thyroid gland either receive or retain 


Nal?* 


relatively little either of triolein I’*! or 
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Fic. 1. PHoroGRAPH OF A LONG SEGMENT OF ATHERO 
SCLEROTIC AORTIC FRAGMENT ( Top), Aortic ADVENTITIAI 
Fat (MIppLE) AND MEDIAN CROSS-SECTION OF ADRENAI 
(BottoM) AND THEIR RESPECTIVE RADIOAUTOGRAPHS Of} 
Rapsit 2031 Given I TrIOLEIN 

Note the greater density of the aortic radioautograpl 


in its parts corresponding to the atherosclerotic areas ot 


the aorta itself. Also note the intense density of the 


adrenal radioautograph as well as the relatively clear 


zone corresponding to the medullary area of the adrenal 


when assayed four days aiter the last of three 
daily doses. 

The radioautographs revealed results quite con 
sonant with those obtained by the well scintillation 
counter. Thus (see Figure 1) films exposed to 


sections of the atherosclerotic aorta, aortic fat 
and adrenal gland from animals receiving triolein 


p+ all 


Also, as suggested by the results obtained with 


revealed radioactivity present therein. 


the counter, the films indicated considerably more 
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activity m the adrenal gland than in the other 
fat containing tissues. Moreover, this activity 
clearly was most intense in the cortex of the ad- 
renal gland. It will be observed (see Figures 1 
and 2) that the film of the aortic segments indi- 
cates activity primarily from the atherosclerotic 
plaques and almost none from the normal aortic 
intima lying between these plaques. As expected, 
the films (see Figures 3 and 4) exposed to the 
aortic fragments of the normal rabbit given trio- 
lein 1} 


sclerotic rabbit given Nal'’, respectively, revealed 


‘and to the aortic fragments of the athero- 
no significant radioactivity. It is of interest too 
that the aortic adventitial fat and adrenal gland 
of the rabbit given Nal'*! also failed (see Figure 
+) to exhibit significant radioactivity on film. 


A LonG SEGMENT OF ATHERO 
RapBit 2026 Given I 
CORRESPONDING Rapto 


Fic. 2 


SCLEROTIC 


PHOTOGRAPH OF 
Vortec 


(SUDAN 


FRAGMENT OF 


[RIOLEIN STAIN) AND 


AUTOGRAPH 


Note again the correspondence between the darker por- 
tions of the radioautograph and the atherosclerotic areas 
The 


of the aorta stained here with Sudan emulsion 


grain is responsible for the background 
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A LonG SEGMENT OF AorTK 
NorMAL Rassit C-11 


lic. 3. PHOTOGRAPH OF 


I RAGMENT AUTOGRAPH Of 


I TRIOLEIN 


AND 
GIVEN 

Note the background imparted by the emulsion grain 
and the complete absence of radioactivity as indicated by 


the autograph 


DISCUSSION 


The foregoing results demonstrate decisively) 
that the atherosclerotic aorta of the rabbit is both 
permeable to and retentive of I*** when the latter 
is administered in lipid form, primarily as trio- 
lein I'*'. Furthermore, the greater radioactivity 
exhibited by those aortas having the greatest 


amount of lipid infiltration, the negligible radio- 


activity of the normal aorta, and finally the local- 


ization of the activity afforded by the radioauto- 
graphs all lead inescapably to the conclusion that 
it is the atherosclerotic infiltration itself which is 
responsible for the activity detected. 

The ability of the I’** to penetrate and to remain 
in an atherosclerotic process is probably due to its 
combination with lipid and the probable solubil- 
ity of this lipid in the lipid of the plaque. This 
seems true for a number of reasons. It should be 
recalled that although fed fat is absorbed into the 
intestinal wall as a mixture of tri-di- and mono- 
glycerides and fatty acids, nevertheless the fat 
particles in the intestinal lymph contain trigly- 


cerides only. Partial glycerides and long chain 
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fatty acids have disappeared by synthesis into 
triglvceride during passage across the intestinal 
(7). 
chylomicrons with phospholipid, cholesterol and 


wall The triglycerides are stabilized as 
protein (8) and it is possible for some of the phos- 
pholipid to be formed in the intestinal mucosa 
Zil- 


versmit and co-workers have shown (6, 9) that 


from dietary constituents (7). However, 
plasma phospholipid is entirely excluded from the 
atheromatous rabbit. 
Hence it is fair to conclude that the I**? whose 
preferential localization in the atheromatous plaque 


normal or artery of the 


was observed in the present study entered the 
blood stream in the form of chylomicron. tri- 
glyceride. Additional reasons for this conclusion 
are: /) relatively little I'*' was detected in an 
atherosclerotic infiltration when administered as 


Naq?#". 2) 


adrenal cortex, aortic adventitial and perirenal fat, 


and other tissues rich in fat, such as 


were also found to localize I'*! after its adminis- 
tration as triolein 1) 

Because seven days were permitted to elapse 
between feeding I“! and killing the animals, it is 
not possible from these experiments to. state 
whether the atherosclerotic plaque is more or less 
prone to localize lipid bound [**! than the other 
organs and fatty tissues assayed. Sufficient time 
has been allowed for considerable metabolic alter- 
ation. This was allowed by design, in the hope 
of obtaining just such radioautographs as were in 
fact obtained. Only serial studies will determine 


to what extent the differential localization ob- 


served at the end of seven days reflects differences 
in intrinsic permeability, retention or lipid turn- 
over rate in the tissues studied. Such studies are 


now under way. Nevertheless, the present ex- 


periments indicate that a significant differential 
localization of I**! from triglyceride may take 


place in a supposedly passive atherosclerotic 


process 


SUMMARY 


Four days after the last of three daily doses 


of triolein I'*! was fed to atherosclerotic rabbits, 


radioactivity was found in the atherosclerotic 


aorta. Moreover this activity was concentrated 
preferentially in the atherosclerotic infiltration it- 


self. Radioactivity also was found in other fat 
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containing tissues such as the adrenal cortex, 


aortic and perirenal fat. In contrast, little ac- 


tivity was found in “non-fatty tissues’? such as 
adrenal medulla, liver, kidney and thyroid. In 
normal rabbits no radioactivity was found in the 
, 


aorta after triolein 
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Hyponatremia and lowered total solute con- 
centration of the serum are commonly observed 
in patients with cirrhosis of the liver with ascites 
and edema (1-4). The mechanisms responsi- 
ble for this chronic depression of the osmolality 
of the body fluid are not clear. The normal 
person maintains the tonicity of his body fluid 
within narrow limits, and lowering this by the 
addition of sufficient water to the body promptly 
results in diminished secretion of antidiuretic 
hormone (ADH) and the excretion of increased 
volumes of hypotonic urine until the osmolality 
of the serum returns to normal (5-7). In con- 
trast, the patient with decompensated cirrhosis 
may excrete small volumes of hypertonic urine 
despite a much lower than normal serum osmo- 
lality (1-4). However, further lowering of the 
osmotic pressure in such a patient by the inges- 
tion or infusion of water often leads to a diuretic 
response similar to that of the normal subject 
Cs, 9 

[It would thus appear that the patient with cir- 
rhosis and with a hypotonic milieu who is able 
to vary urinary through 
ranges is either releasing ADH in response to a 
stimulus other than tonicity [such as changes in 
effective extracellular fluid volume (2, 3)], or 
that the responses to changes in osmotic pressure 


concentrations wide 


are regulated about a lower than normal tonicity. 
This study is concerned with patients with de- 
compensated cirrhosis who maintain a low se- 
rum osmolality, and only those who are able to 
achieve a diuresis in response to hydration. It 
was the purpose to determine if, while such pa- 


* Present address: Medical Service, Veterans Adminis- 
tration Hospital, Boston, Mass. 
+ Present address: Medical 
General Hospital, Boston, Mass. 


Service, Massachusetts 


tients were undergoing a water diuresis, return- 
ing the serum osmolality to its original low level 
would result in the release of ADH, as reflected 
by alterations in the flow and concentration of 
the urine. 


METHODS 


Subjects selected for study were patients with decom- 
pensated cirrhosis associated with the prolonged and ex- 
cessive intake of alcoholic beverage. All had tense ascites 
with or without peripheral edema, mild to moderate ele- 
vations of serum bilirubin, and a persistently depressed 
serum osmolality.1 All were free of cardiovascular and 
renal disease, and all had previously demonstrated the 
ability to produce a concentrated as well as a dilute urine. 
Only subjects able to achieve a flow of urine greater 
than 6 ml. per minute during the water load were stud- 
ied. The group consisted of five male and two female 
patients. 

Each study was begun in the morning at 
hour after a light breakfast, and where possible the study 
Smoking was pro 


least one 


was carried out in a private room. 
hibited after the preceding evening, and the subjects re- 
mained recumbent throughout the procedure. All sam- 
ples of urine were collected through an indwelling ure- 
thral catheter which was inserted on the morning of the 
study. 
serted into a forearm vein or through a_ polyethylene 
vein. Samples of 


Infusions were delivered through a needle in- 


catheter inserted into an antecubital 
blood were collected through an 
needle inserted into a forearm vein of the opposite arm. 
To minimize the influence of emotional reactions on the 
results of the study the catheterization and venipunctures 
were performed at least 45 minutes prior to beginning 
After an initial collection of urine and blood, 


indwelling Cournand 


the study. 
each subject received a water load as an infusion of 4 
per cent hexose (either invert sugar or fructose) solu- 
tion alone, or in combination with tap water by mouth 
The total gain of water was individualized in each sub- 
ject so that high rates of urinary flow were achieved and 


1 Determinations of the osmolality of the serum of 16 
healthy adults ranged from 281 to 294 mOsm. The range 
of osmolalities of the sera of subjects chosen for study 


was 266 to 272 mOsm. ss 
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maintained. Tl ifteen hundred ml. was given during the 
first hour, and thereafter the infusion was regulated to 
deliver water in amounts equal to the flow of urine plus 
an additional 50 ml. per hour for insensible losses. When 
rates of urinary flow greater than 6 ml. per minute had 
been reached and maintained for a period of 45 to 60 
minutes the infusion was changed to either 3 per cent 
or 5 per cent sodium chloride. The total amount of so- 
dium chloride given was calculated to correct but not 
exceed the dilution effect of the water load. This was 
The in- 
fusion was then continued as 4 per cent hexose solution 
at a rate equal to the rates of urinary flow and estimated 
insensible losses. The positive balance of water was not 
allowed to fall below that which existed at the time of the 


given rapidly over a period of 15 to 30 minutes. 


maximal water diuresis. 

Samples of blood were collected during the period of 
dilution and maximal urinary flow, midway through the 
infusion of hypertonic sodium chloride, and during the 
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periods of diminishing urinary flow. The total volume 
of blood withdrawn prior to the infusion of saline was 
not in excess of 60 ml. in any subject. Samples of urine 
were collected at intervals of 10 to 20 minutes, the shorter 
intervals necessary to avoid distention of the 
bladder during high rates of urinary flow. Bladder rins- 
ing was not employed. All samples of serum and urine 
were frozen immediately. 

Total solute concentrations in serum and urine were 
determined by freezing point depression using a Fiske 
osmometer. Concentrations of sodium were determined 
with an internal standard flame photometer. Creatinine 
concentrations in serum and urine were determined by 
the method of Hare (8). Calculations of the endogenous 
clearance of creatinine and the rate of sodium excretion 
were determined from periods when the flow of urine and 
the excretion of total solutes were stable in order to 
minimize the effect of urinary tract dead space and 
delay time 


being 


TABLE I 


Data pertaining to three subjects who experienced discomfort during the infusion of hypertonic NaCl 


Elapsed Urine Urine 

Subject time flow conc. 
min mi./min. mOsm./L. 

A 30-0 0.7 259 

0-15 5.9 126 

15-30 BES 84 

30-45 14.0 57 

45-60 12.5 55 

60-75 13:5 58 

75-90 7.1 52 

90-105 0.6 262 

105-120 0.8 323 

B - 30-0 0.7 347 

0-30 4.3 82 

30-45 | 78 

45-60 5.8 69 

60-75 5.8 50 

75-90 6.3 44 

90-105 6.4 40 

105-120 8.7 30 

120-135 3.0 53 

1 150 0.5 320 

150-165 0.5 453 

oe 0-15 Re | 305 

15-30 3.6 294 

30-45 5.4 238 

45-60 7.5 168 

60-75 6.3 157 

75-90 2.0 332 

90-105 yA 360 


Serum 


conc. Infusion 


mOsm./L. 
269 800 ml. water P.O. and 1,250 ml 
4% invert sugar [.V. 


272 
261 
268 230 ml. 5% NaCl 
274 75 ml. 4% invert sugar 
272 
270 760 ml. water P.O. and 1,450 ml. 
42% invert sugar [.V. 
258 
255 
253 
271 370 ml. 5% NaCl 
274 
271 50 ml. 4% invert sugar 
268 
266 600 ml. water P.O. and 1,500 ml. 
4% fructose I.V 
253 
380 ml. 5% NaCl 
150 ml. 4% fructose 
262 


* Subject C received the water load as an infusion of 4 per cent fructose solution, and the samples of urine during 


the period of dilution gave a 4-plus reaction with Clinitest. 
have prevented minimal dilution even in the absence of ADH. 


The presence of fructose in these samples probably would 
All other subjects received 4 per cent invert sugar solu- 


tion, and reducing substance was not detected in other urine samples 
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The line graph at the top represents osmolality of the serum. The bars below 
represent rates of urine flow. Figures superimposed on the bars denote osmolalities 
of the respective urine samples. The positive balance of water was maintained con 
stant after the first hour as shown, and the period of infusion of hypertonic saline is 


indicated. 


RESULTS 


ne subject was eliminated from the results of 
the study because of a spontaneous antidiuresis 
which occurred in association with observed emo- 
tional stress. Of the remaining six subjects, three 
experienced mild discomfort at the site of the in- 
fusion of hypertonic sodium chloride, and it cannot 
be concluded with certainty that the observed 
response was due to a change in tonicity and not 
to the distress associated with the infusion (9). 
Data pertaining to these subjects are summarized 
in Table I. The subjects who recived the infu- 
sions through venous catheters did not perceive 
the change from 4 per cent invert sugar solution 
to hypertonic sodium chloride, and no stimulus 
other than the changing tonicity was apparent. 
The data pertaining to these subjects are given in 
detail in Table II. Figure 1 graphically repre- 
sents a typical subject from this latter group. The 
results are qualitatively the same in each of the 
six studies. 

Lowering the osmolality of the serum 7 to 17 
mOsm. as a result of dilution by the water load 


was associated with a rise in the rate of urinary 
fiow and a fall in the osmolality of the urine in 
all six subjects. The peak rates of urinary flow 
ranged from 6.4 to 14.0 ml. per minute, and the 
minimal total solute concentrations ranged from 
30 to 58 mOsm. (except Subject C who had 
hexosuria during the diluting phase and who had a 
minimal urinary concentration of 168 mOsm). 
Restoration of the osmolality of the serum to the 
pre-experimental levels by the hypertonic infusion 
was followed by a prompt decrease in the rate of 
urinary flow and rise in urinary concentration. In 
each subject small volumes of concentrated urine 
were produced during the first collection period 
Maxi- 
mal urinary total solute concentrations during the 
In 


following the infusion of sodium chloride. 


antidiuresis ranged from 323 to 544 mOsm. 
each instance the hypertonic NaCl returned the 
total solute concentration of the serum to within 
3 mOsm. of the initial level. During the study of 
Subject B the osmolality of the serum exceeded 
the initial level by 4 mOsm. during the infusion 


of hypertonic saline, but in no subject did the con- 
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TABLE 
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II 


Data pertaining to three subjects who attained water diuresis followed by antidiuresis without discomfort 


Renal excretion 


rate of 
Elapsed Urine Urine Serum Serum Total Clearance 
S ibject time flow com sodium solute Sodium of creatinine Infusior 
min. ml./min mOsm./I mOsm./I mEq./L. wOsm./ peg. ml./min 
min. min. 
D 30-0 0.6 543 272 128 326 16.8 950 ml. water P.O. 
0-15 0.7 599 419 104 and 1,450 ml. 4% 
15-30 0.6 576 346 invert sugar I.V. 
30-45 1.0 368 368 
45-60 3.8 130 494 
60-75 11.5 66 62 759 
75-90 13.2 52 689 
90-105 | ey 57 261 123 667 30.4 128 
105-120 8.3 72 260 8 360 ml. 5% NaCl 
120-135 1.5 384 270 576 
35-150 1.3 544 27 129 707 75 ml. 4% invert 
150-165 0.7 511 73 358 14.7 125 sugar 
I 35-0 0.9 $37 70 131 393 4.5 200 2,600 ml. 4% in- 
0-20 0.8 $39 351 vert sugar I.\ 
20-40 1.5 335 503 
40-60 3.4 135 459 
60-80 5.4 86 465 
80-100 7.1 65 462 
100-125 9.0 40 264 441 
125-145 7.3 58 265 128 448 34.7 221 
15-165 3.0 98 263 294 250 ml. 5% NaCl 
165-185 1.8 207 268 128 373 
185-205 1.1 318 350 200 ml. 4% invert 
105-225 ice 314 408 79.3 201 sugar 
225-245 1.2 268 
245-270 1.6 354 271 131 566 
k 35-0 0.7 692 270 131 488 2,400 ml. 4% in- 
0-20 0.9 670 570 1.6 161 vert sugar I.V 
20-40 1.4 $97 662 
10-60 3.3 198 644 
60-80 6.0 109 264 654 
80-100 6.9 78 538 
100-120 9.5 66 624 
120-140 8.5 78 260 643 
140-150 i 75 563 
150-160 8.2 65 262 128 533 
160-170 10.2 58 592 14 145 520 ml. 3% NaCl 
170-190 9.6 62 267 132 595 
190-210 1.0 418 270 418 150 ml. 4% invert 
210-230 0.8 543 269 415 sugar 
230-250 1.0 564 564 
250-270 1.0 552 266 131 552 13.2 159 
centration reach the normal range of serum osmo- significant change throughout the procedure. 


lality. 

The endogenous clearance of creatinine was 
determined in three subjects. In one subject 
there was a small rise which persisted after hydra- 
tion, in one there was a small rise during hydra- 
tion and a return to the initial level during the 


antidiuresis, and in the third subject there was no 


These values were all within normal limits. 
DISCUSSION 
The ability of the decompensated cirrhotic to 
excrete a standard intake of water has been quan- 
titatively studied and reported elsewhere (1, 4). 
Many may achieve varying degrees of diuresis, 
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but occasionally the decompensated cirrhotic may 
be unable to produce a urine more dilute than 
plasma (2, 3). The water loads given here were 
intended primarily to produce, where possible, 
an obvious water diuresis, and no conclusions can 
be made regarding the variation in diuretic re- 
sponses. 
diuresis were studied, and thus conclusions are ap- 
plicable to this group only. 

In normal subjects changes in effective osmotic 


Only subjects who underwent a water 


pressure of the body fluids result in changes in 
the release of ADH. 
sure by the gain of water results in an inhibition of 
the release of ADH and a loss of body water 
through the excretion of urine of lowered total 
solute concentration. 
pressure above normal by the loss of water or by 
the gain of effective solute (such as NaCl and 
other substances which do not readily cross the cell 
membrane) results in the release of ADH and the 
conservation of body water by the excretion of a 


Lowering the osmotic pres- 


Elevation of the osmotic 


concentrated urine. In this fashion the osmo- 
receptor-ADH system maintains the tonicity of 
the body fluids within narrow limits (5-7). Be- 
sides pharmacologic and psychic stimuli (10), 
another apparent mechanism concerned in the 
release of ADH appears to be related to changes 
in the extracellular fluid volume or some function 
thereof (9, 11-14). 

The 
volumes of dilute urine in association with lower- 
Restora- 


subjects reported here produced large 
ing the osmotic pressure of the serum. 
tion of the original osmotic pressure, without a 
fall in total body volume, resulted in prompt anti- 
diuresis. That these changes in urinary flow and 
concentration were probably due to changes in the 
release of ADH seems clear from the character 
of the urine. 
in the rates of solute excretion, and it is unlikely 


There were no marked variations 


that abrupt changes in the rates of glomerular fil- 
tration occurred. In the absence of such changes 
the observed differences in the flow and concentra- 
tion of urine may be interpreted as the result of 
variations in the release of ADH (15, 16). With- 
out pharmacologic and psychic stimuli and with 
total body volume constant, these changes in the 
release of ADH seem clearly related to the changes 
It may be 


in tonicity and its consequent effects. 
concluded that at the time these subjects were 
studied they were sensitive to changes in osmotic 
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pressure, and that the balance of water was regu- 
lated to maintain a fixed, although lower than 
normal, tonicity of the body fluids. 

These studies shed no light on the mechanisms 
responsible in such subjects for a lowered tonicity 
of the body fluids. 
observed that excessive ADH activity may re- 


In other situations it has been 


sult in the retention of water in excess of solute 
and thereby lead to hypotonicity (17, 18). It 
has been suggested that in cirrhosis of the liver 
decreased hepatic inactivation of the hormone 
may be a source of excessive antidiuretic activity 
(19-21), and likewise a decrease in effective ex- 
tracellular fluid volume could be a stimulus for 
inappropriate release of the hormone. However, 
it would not appear that a constant high level of 
antidiuretic activity exists in subjects who are 
able to alter abruptly the rates of excretion of 
water such as those reported here and those of 
other reports where prompt responses to water 
(1, 4). 


been critically reviewed recently by Papper (3). 


loads were observed This subject has 

Such a lowered setting of the osmoreceptor 
ADH system as demonstrated by the subjects re- 
ported here may possibly be related to a dimin- 
ished amount of intracellular osmotic activity as 
has been suggested in other types of chronic hy- 
ponatremia (22). The results observed in this 
study are consistent with such a concept, but con- 
firmation must await accurate volume determina- 
tions of the various fluid compartments in these 
and other states associated with altered osmotic 
pressure of the serum. 


SUMMARY 


The antidiuretic effect of hypertonic sodium 
chloride given during water diuresis was studied 
in six subjects with decompensated Laennec’s cir- 
rhosis and chronically depressed osmolality of 
the serum. It was found that marked antidiu- 
resis ensued when the osmolality of the serum was 
restored to the initial low level’ without a change 
in the total volume of water in the body. It is 
concluded that these subjects with low serum so 
dium and total solute concentration were sensi- 
tive to further changes in tonicity, and that the 
release of antidiuretic hormone was regulated in 
a qualitatively normal fashion about a lower than 


normal level of osmolality. 
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Chronic insulin resistance in the diabetic pa- 
tient has been arbitrarily defined as existing when 
the daily requirement for insulin exceeds 200 
units in the absence of complicating infection or 
ketoacidosis (1). The general problem of insu- 
lin resistance has been the subject of several re- 
view articles (1-3). Glen and Eaton first dem- 
onstrated that serum obtained from an insulin- 
resistant diabetic patient protected rabbits from 
insulin-induced hypoglycemia (4). Subsequently, 
the studies of Lowell (5) and Lerman (6) sug- 
gested the probable antibody nature of this hu- 


moral insulin antagonist. Marsh and Haugaard 


detected an insulin inhibitor in the sera of four 
diabetic patients requiring at least 300 units of 


insulin per day (7). In their experiments the 
ability of insulin to augment glycogen deposition 
by the isolated rat hemidiaphragm was _ utilized 
as the test system. The 
fective only if it, insulin and the hemidiaphragm 
More recently 


serum factor was ef- 


were in contact simultaneously. 
there have been several reported cases of chronic 
insulin resistance in which the insulin antagonist 
was localized in the y-globulins and presumed to 
be an antibody (8-13). Colwell and Weiger 
(13), in an extensive study of such a patient, 
noted a correlation between the titer of the insulin 
antagonist and the serum y-globulin levels. 

Berson and co-workers have demonstrated the 
presence of an insulin binding protein in the sera 
of diabetic patients who have received exogenous 
insulin for at least three months (14). Electro- 
phoretically this protein migrated with the fastest 
moving y-globulips and had many characteristics 
of an insulin antibody. Similar binding of in- 
sulin was not observed in the sera of diabetic pa- 
tients who had never received insulin treatment, 
but was found in nondiabetic psychiatric patients 
who had been given insulin shock therapy. Fur- 
thermore, the rate of disappearance of insulin-I*** 


injected intravenously was found to be decreased 
in some diabetic patients (14, 15). Berson and 
associates observed that patients receiving ex- 
ogenous insulin were the ones who demonstrated 


Al- 


though the binding of insulin to rat hemidia- 


the decreased rate of disappearance (14). 


phragm was diminished in the presence of such 
sera, no definite correlation existed between the 
insulin requirement of a patient and the amount 
of this insulin binding protein (15). However, 
increased insulin binding by plasma in cases of 
chronic insulin resistance has been reported previ- 
ously (16, 17). 

Recently adrenocorticotropin (ACTH) and ad- 
renal steroids have been used in the treatment of 
results 
successfully 


chronic insulin resistance with variable 
(10, 12, 18-20). (18) 


treated one case whose serum contained an insu- 
At a time when the insulin 


Howard 


lin antagonist (7). 
resistance was no longer apparent clinically, an- 
tagonist could still be detected in the serum by 
the rat hemidiaphragm assay, although later it 
was no longer demonstrable. 

Previously we have demonstrated a circulating 
insulin antagonist associated with diabetic aci- 
dosis (21, 22) which is quite distinct from the 
humoral insulin antagonist demonstrable in some 
chronically insulin-resistant diabetic patients not 
in acidosis. The present paper summarizes work 
which has been done concerning the insulin in- 
hibitor occurring in chronic insulin resistance. 
MATERIALS 


METHODS AND 


The method for assaying insulin antagonism in the 
rat hemidiaphragm was the same as reported previously 
(21). In these studies the effect of 0.2 unit of insulin 
on the glycogen deposition by the rat hemidiaphragm in 
the presence of 1 ml. of serum was measured. The in- 
sulin effect using normal serum was 5.35 uM glycogen 
(glucose equivalents) per Gm. of tissue. 

Insulin antagonist was also detected by the ability of 
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the test serum to protect fasted mice from insulin-in- 
duced hypoglycemic death. Albino mice of both sexes 
weighing 14 to 16 Gm. were used. Sixteen hours prior 
to an assay, the mice were placed in a constant tempera- 
ture warm room (37° C.) and given water ad libitum, 
but no food. At the beginning of an assay, water was 
withdrawn and each mouse was injected intraperitoneally 
with 1 ml. of serum containing 0.07 unit of insulin and 
At least 
six mice were injected with each serum sample and ap- 
propriate controls were included using 1 ml. of normal 
serum and 1 ml. of normal serum containing 0.07 unit 
of insulin. 


then observed for the following four hours. 


The serum samples were previously dialyzed 
overnight against 0.9 per cent saline to reduce their 
glucose content. 

The y-globulin levels of the sera were determined by 
paper electrophoresis using the method of Jencks, Jetton 
and Durrum (23). 


evaluated by transmission densitometry. 


The dry paper strip patterns were 
Dr. John Fahey 
of the National Cancer Institute kindly performed these 
determinations. 

Was measured according 
(14) 
the technique of starch block electrophoresis (24). 
( Abbott 
1 ml. of serum and incubated at room tem- 
The insulin-I™ was dialyzed for 
24 hours against distilled water prior to its use. At 


Binding of insulin to serum 


to the method of Berson and co-workers based on 
Two- 
tenths unit of insulin-I™ Laboratories) was 
mixed with 


perature for 30 minutes. 


the end of the incubation, 1 drop of bromphenol blue 
solution was added and 0.2 ml. of the mixture was placed 
in a narrow slit in a starch block. The bromphenol blue 
served to mark the electrophoretic migration of albu- 
The block 
jected to electrophoresis for 20 hours at 4° C. 
barbital (pH 8.6) 
350 After 


min. serum on the starch was then sub- 


using 0.05 
ionic strength buffer and a con- 


stant voltage of volts. the electrophoresis, 
the starch block was partially dried and then cut up into 
1 cm. segments, each of which was suspended in water 
The fluid 


decanted, made up to 5 ml., and counted in a well-type 
addition to the 


and was centrifuged. clear supernatant was 


scintillation counter. In 


marker for 


bromphenol 


blue serum albumin, the protein fractions 


were located by protein determinations according to the 


method of Folin (25). 


modified The per cent of the 
radioactivity which was present in the fastest moving 
y-globulin region (representing bound insulin) and just 
behind the albumin (representing free insulin) were de- 
termined. The procedure for the measurement of the 
insulin to hemidia- 


(22). 


effect of serum on the binding of 
phragm had been described previously 

The human insulin containing 1.8 units per mg. was 
prepared by Dr. Frank Tietze in this laboratory. The 
sera samples were obtained before the morning insulin 
stored at 
could be 


injection whenever They 


—we CC. 


possible. were 


until the various analyses done 
Storage for several months did not seem to have any 
deleterious effect on the insulin inhibitor or change the 
binding capacity of the sample. We are indebted to the 


following for samples of sera: Dr. James Moss, George- 


town University Medical School; Dr. E. O. Friedlander, 
Veterans Administration Center, Togus, Maine; Drs. 
James Craig and Max Miller, Western Reserve Medical 
School; Dr. James Wyngaarden, Duke University School 
of Medicine; Dr. R. K. Kiskaddon, Youngstown, Ohio; 
Dr. William Morgan, New York Hospital; and Dr. 
Reed Harwood, Boston, Mass. 


RESULTS 


The results of the various assays for insulin 
antagonist in the sera of these chronically insulin- 
resistant patients are summarized in Table I. 
Although 1 ml. of serum from two of the patients 
(J.C. and M.W.) inhibited the effect of 0.2 unit 
of insulin on the rat hemidiaphragm, there was 
no particular correlation between the presence of 
antagonist and the daily insulin requirement. 
Since 0.07 unit of insulin was used in the fasted 
mouse assay, as compared to 0.2 unit in the hemi- 
diaphragm preparation, it was possible to detect 
circulating insulin inhibitor in the serum of two 
other insulin-resistant patients (R.C. and C.J.) 
by the more sensitive mouse assay when no such 
activity was demonstrable by the hemidiaphragm 
method. In the serum of some patients receiving 
up to 2,000 units of insulin per day, no circulating 
antagonist was found. 

Table I also indicates that the sera of all but 
one of the chronically insulin-resistant patients 
tested bound augmented amounts of insulin to the 
fastest moving y-globulins. In confirmation of 
the results of Berson and associates (14) binding 
of insulin to such y-globulins was observed only 
in serum from diabetic patients who had received 
The 


per cent of insulin bound to this protein fraction 


exogenous insulin for at least three months. 


varied from 0.02 to 6 per cent in seven insulin- 
sensitive diabetics while it exceeded this amount 
in all of the chronically insulin-resistant patients 
(aS... from the four cases 
(J.C.. M.W., R.C. and C.J.) 


bound more than 80 per cent of the added insulin. 


except one Sera 


with antagonist 


The amount of insulin used in these experiments, 
0.2 unit per ml. of serum, is much greater than 


did 


not appear to be any relationship between the 


the physiologic concentration (26). There 


daily insulin requirement and the amount of in- 
sulin bound. 


Although the sera were usually ob- 


tained before the morning insulin injections, it is 


possible that in patients receiving such large 
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TABLE I 


Summary of studies assaying serum from diabetic patients with chronic insulin resistance for insulin antagonist 





Diaphragm assay 
insulin effect 


Daily 
insulin 
dose 


Patient Date 


Te) 


12-19-56 
12-23-S6t 


375 
30 
190 
1,000 
220 
615 
230 
285 
2,000 
200 
185 
2,000 


put 

-_* > 
-Q 

_-: 

= 


9-26-56 
1-18-57 
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RONWORNN 


Ta aleley 
DADUANA EAS 
~1S 00 © 0 Ut» 00 
He He He He He He He HE HE Ht 


_— 
= 


meu 
vl 
io) 


—* 
— 
5 
© 
w 
tN 


_ 
“~~ 
—_ 
_ 


R.S. 
Noninsulin- 
resistant 
diabetics 
Normal serum 


10-75 


* Number of determinations. 

} Following successful ACTH therapy. 

doses of insulin a certain amount of insulin might 
still be present in the sera and interfere with the 
binding of the insulin added in vitro. Some of 
the insulin-resistant patients had elevated se- 
rum y-globulin concentrations, although there was 
not always a direct correlation among these levels, 
the insulin requirement, and the ability of the se- 
rum to bind insulin. 

Sera obtained from Patient J.C. over a two 
month period including a successful course of 
ACTH therapy were studied (Table II). The 
first sample tested, obtained on Oct. 20, 1956, 
when her insulin requirement was 180 units per 
day, did not contain insulin inhibitor by the rat 
hemidiaphragm assay. By Dec. 15, 1956, her 


TABLE II 


Serial determinations for insulin antagonist in serum from a 
patient (J. C.) with chronic insulin resistance 


Insulin effect 
uM glycogen 
(glucose equiva- 
Amount lent)/Gm. of tissue 


Insulin 
require- 
Date serum obtained ment 


ml. Mean + S.E.M. 
5.38 + 1.40 (3)* 
1.70 + 0.87 (6) 


units/day 
180 1 
315 1 


10-20-56 
12-15-56 
12-15-56 Pre-incubation 
of serumand diaphragm 3 
12-19-56 3 
12-23-56 Following 4 
days of ACTH therapy 


7.64 + 0.92 (3) 
0.58 + 0.66 (3) 


375 1 
7 


: 1 


30 5.22 + 1.83 (3) 





* Number of determinations. 


uM glycogen 
(glucose equivalent) / 
Gm. of tissue 


Mean + S.E.M. 


—— SOOOnNNO> 


Serum 
y-globulin 
content 


Mouse 
assay Insulin binding 
% Mortality % Bound % Free Gm. % 
99 9 
97.3 
97.5 


Awe 


14 (7) 


14 (7) 
86 (7) 
100 (7) 
100 (7) 
100 (7) 
86 (7) 
67 (6) 


hr ATS OI OO tO 
One rmoOoo! 


~ 


6.0 94-99.9 


0.48 (23) 84 (49) 100 0.68- 


insulin requirement had increased to 375 units per 
day and now insulin antagonist could be detected. 
However, when this same serum was assayed by 
exposing the hemidiaphragm first to serum and 
then subsequently to insulin, insulin antagonist 
was no longer demonstrable. 
in agreement with the earlier results of Marsh 
and Haugaard (7). On Dec. 19, 1956, when in- 
sulin inhibitor was still present, ACTH adminis- 


This observation is 


tration was begun in a dosage of 60 units per 
day with a resultant decrease in her insulin re- 
quirement to 30 units per day on the fifth day of 
At this time (Dec. 23, 1956) her se- 
Serum obtained 


therapy. 
rum no longer inhibited insulin. 
on Dec. 19 bound 99 per cent of 0.2 unit insulin 
per ml. and the y-globulins were elevated to a 
concentration of 2.9 Gm. per cent (Table I). 
Although the adrenocorticctropin therapy abol- 
ished the insulin resistance and reduced the y- 
globulin level to 2.1 Gm. per cent, there was es- 
sentially no change in the binding capacity of the 
serum, a somewhat unexpected finding. 

The ability of the insulin antagonist in chronic 
insulin resistance to inhibit human insulin was 
also demonstrated (Table III). Although there 
was some reduction in the amount of insulin 
bound to rat hemidiaphragm in the presence of 
serum from J.C. as compared to normal, it was 


not significant (Table IV). 
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TABLE III 


Ability of humoral insulin antagonist from patient with 
chronic insulin resistance to inhibit the 
effect of human insulin 


Insulin effect 
uM glycogen 
(glucose equiva- 
Type of insulin lent)/Gm. of tissue 
Mean + S.E.M. 
0.58 + 0.66 (3)* 
1.75 + 0.95 (3) 
6.48 + 0.06 (3) 


Beef-pork 
Human 
Human 


* Number of determinations 
DISCUSSION 


In confirmation of previous reports (4, 5, 7, 8, 
10-13, 18-20) a circulating insulin antagonist has 
been detected in the sera of some, but not all, 
patients with chronic insulin resistance. Using 
the fasted mouse as a more sensitive assay, it was 
possible to demonstrate insulin antagonist in cases 
where it was not detectable in the rat hemidi- 
aphragm preparation. It is, therefore, conceivable 
that such antagonist could be found in the se- 
rum of most, if not all, of these patients if a sensi- 
tive enough assay were employed. In the cases 
where antagonist was demonstrated there was no 


particular correlation with daily insulin require- 


ment. In chronic insulin resistance, an insulin 
antagonist, possessing many of the characteristics 
of an antibody, has been located in the y-globulin 
fraction of the serum proteins (8-13). The find- 
ing of exalted binding of insulin to the fastest 
moving y-globulins in the present cases of insulin 
resistance is consistent with the concept that the 
inhibitor is an antibody. In view of the capac- 
ity of some of these sera to bind insulin, it is not 
surprising that these patients were unresponsive 
to the usual doses of insulin. However, in the 
case of R.S. (Table I) there was not any definite 
increase in the insulin binding ability of the se- 
rum. This patient, a lipoatrophic diabetic, usu- 


ally received 2,000 units of insulin per day to 


TABLE IV 


Effect of serum from diabetic patient with chronic insulin 
resistance on binding of insulin to rat hemidiaphragm 


ug. insulin-I!® bound 
per Gm. of tissue 


Number of 
Source of serum experiments 


Mean + S.E.M. 
0.018 + 0.0013 
0.012 + 0.0036 


Normal 
J.C. 12-19-56 


FIELD 


control hyperglycemia and glycosuria. The fact 
that the use of such massive doses of insulin over 
a prolonged period of time did not produce aug- 
mented insulin binding capacity is contrary to the 
idea that increased insulin binding by serum is 
secondary to the administration of large amounts 
of insulin. This patient’s serum has also been 
studied by Arquilla and Stavitsky using an immu- 
nologic technique based on hemolysis of sensitized 
red cells (27). These investigators found that 
although there were antibodies to insulin, they 
were not present in very high titer. It therefore 
appears that the insulin resistance observed in 
lipoatrophic diabetes is of some other origin (28). 

The successful treatment of insulin resistance 
with adrenocorticotropin has been reported (12, 
18, 19). However, ACTH therapy has not been 
beneficial in all cases of chronic insulin resistance, 
even though a circulating insulin inhibitor has 
been detected (10, 20). It has also been dem- 
onstrated that serum obtained after such therapy 
no longer inhibited insulin (7). Similar observa- 
tions were made on Patient J.C. whose insulin 
resistance was successfully treated with ACTH. 
During the period when insulin antagonism was 
demonstrable, 1 ml. of her serum bound 99 per 
cent of 0.2 unit of insulin. Even after therapy 
with ACTH, when insulin inhibitor was no longer 
detected, her serum was still able to bind 97.3 
per cent of this amount of insulin. This finding 
was somewhat unexpected since it was believed 
that the insulin resistance resulted from the in- 
With the disap- 


pearance of clinical insulin resistance, the antici- 


creased insulin binding protein. 


pated reduction in insulin binding was not ob- 
served. During ACTH therapy, her serum was 
capable of binding at least 200 units of insulin 
per L., yet her daily insulin requirement was only 
30 units. This discrepancy could be explained in 
two possible ways. Although the insulin binding 
capacity of the serum was virtually unchanged, 
under the influence of ACTH the insulin-insulin 
binding protein complex might now be physiologi- 
cally active. Another possible explanation de 
pends on the findings of Berson and Yalow that 
there are two rates of dissociation of the insulin- 
insulin binding protein complex (16). If the 
ACTH causes a more rapid dissociation of insulin 
from the insulin binding protein, then it is pos- 
sible that less insulin would be required for con- 
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trol of the diabetes even though the actual amount 
of the insulin binding protein remains the same. 
It is not possible to conclude from the present 
information which of these two possibilities is 
correct. It has also been suggested that a sudden 
decrease in insulin requirement could follow a 
period of therapy using large amounts of insulin as 
a result of an accumulation of high concentrations 
of bound insulin in the serum (29). It is un- 
likely that this, rather than ACTH, was responsi- 
ble for the reduction in insulin requirement of 
Patient J.C. since her insulin requirement had 
been gradually increasing up to 375 units per day 
for a period of two months before ACTH therapy. 
In addition, even after the ACTH therapy was 
discontinued, she continued to require only 30 
units of insulin daily for several weeks. Then her 
insulin requirement again began to increase so that 
steroid therapy was reinstituted. 

Lowell reported that the circulating insulin an- 
tagonist in his patient with chronic insulin re- 
sistance did not protect mice from the hypogly- 
cemic effects of human insulin (30). Further- 
more, when human insulin was administered to 
this patient, there was no evidence of insulin re- 
sistance. From these studies he concluded that 
there was no cross-reaction between human insu- 
lin and the antibody resulting from beef or pork 
insulin. Similar conclusions were obtained by 
Burrows, Peters and Lowell, who found that hu- 
man insulin did not displace beef-pork insulin 
from the insulin binding protein (17). However, 
using an immunologic technique, Arquilla and 
Stavitsky did find cross-reaction between human 
insulin and antibodies prepared using beef or pork 
insulin (31). 


of J.C. antagonized the effect of human insulin 


The insulin inhibitor in the serum 
just as effectively as beef-pork insulin. The rea- 
son for this discrepancy is not apparent at this 
time, but it is possible that in the preparation of 
the human insulin used in our experiments, it 
was modified in some way so that it is different 
from native human insulin and less species specific. 
It is of some importance to establish definitely 
whether native human insulin does react with this 
insulin binding protein in order to assess its role, 
if any, as an etiologic factor in some cases of 
diabetes. At present, it seems unlikely that it is 
of etiologic importance since insulin binding is 
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not apparent until exogenous insulin has been ad- 


ministered for about three months (14). 
Although in the present studies protein frac- 
tionation was not done to localize the insulin an- 
tagonist, it seems likely from other similar cases 
that the material was an antibody to insulin (4, 
5, 7, 8-13). 


chronic insulin resistance, resides in the y-globu- 


This antibody, present in cases of 


lins and is different from the «,-globulin fraction 
which we have described in the insulin resistance 
The 


antagonist in diabetic acidosis is still capable of 


associated with diabetic acidosis (21, 22 


inhibiting insulin in the hemidiaphragm assay 
even though it is preincubated with the diaphragm 
and the insulin subsequently added. As shown 
in Table II this is not true of the insulin antag- 
onist present during chronic insulin resistance. 
The a,-globulin antagonist has been demonstrated 
in sera from patients who have never had previ- 
ous insulin therapy while the insulin binding pro- 
tein has never been found in this situation. Fur 
thermore, the insulin resistance associated with 
diabetic acidosis is transient compared with that 
in chronic insulin resistance. 


SUMMAR\ 

Serum from 2 of 10 cases of chronic insulin re 
sistance was capable of inhibiting the effect of 0.2 
unit of insulin in the rat hemidiaphragm assay. 
Using a more sensitive system, the fasted mouse, 
it was possible to detect insulin antagonist in 2 
other cases where it could not be demonstrated 
In 9 of the 
10 cases studied there was an increased binding 


with the hemidiaphragm preparation. 


of insulin to insulin binding protein as compared 
to insulin-sensitive diabetic patients. In some 
cases this y-globulin binding amounted to over 
90 per cent of 0.2 unit of insulin per ml. of serum. 
In general there was good correlation between the 
amount of insulin binding and the demonstration 
Although the 
total serum y-globulin level was elevated in some 


of circulating insulin antagonist. 


cases, there was no particular relationship among 
these values, the daily insulin requirement, or the 
In one patient, treat- 
(ACTH) 


ished the insulin resistance, and insulin antago 


amount of insulin bound. 
ment with adrenocorticotropin abol 
nist, previously present, was no longer demonstra- 
ble. Contrary to expectations this therapy did not 
diminish the ability of the serum to bind large 
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amounts of insulin. The insulin antagonist also 
inhibited human insulin. 

In contrast to the insulin antagonist associated 
with diabetic acidosis, the inhibitor in cases of 
chronic insulin resistance is not effective unless 
the hemidiaphragm, insulin, and serum are all 


incubated simultaneously. 
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The present study of the hemodynamic effects 
of induced peripheral vasodilatation had two pur- 
poses: one, to determine what changes are pro- 
duced in cardiac, hemodynamic and renal func- 
tions of man in congestive heart failure when vas- 
cular pressures are lowered by noncardiac means, 
and two, to determine whether Starling’s law of 
the heart applies in intact man, especially in con- 
gestive heart failure. 

Expanding on the observations of Frank (1) 
on the frog heart, Starling, with Patterson and 
Piper (2, 3), determined in the isolated heart- 
lung preparation of the dog that cardiac output 
increased progressively as ventricular filling pres- 
(2) (3) 


increased (ascending limb of curve); however, 


sure and ventricular diastolic volume 
beyond a point considered to indicate a failing 
myocardium, cardiac output decreased with fur- 
ther increments in ventricular filling pressure or 
diastolic volume (descending limb of curve). The 
tinal generalization derived from these observed 
relationships Starling (4) then expressed as the 
law of the heart: “The energy of contraction, 
however measured, is a function of the length of 
the muscle fiber.”’ Starling’s law has been ex- 
trapolated to the intact, humorally and neuro- 
genically homeostatic animal, including man, and 
has come to dominate present concepts of both 
normal and abnormal cardiac function. Such ex- 
trapolation requires validation. 

The applicability of Starling’s law to the more 
intact animal has been investigated by Sarnoff 


* Presented in part at the Sixty-Ninth Annual Meet- 
ing of the Association of American Physicians, Atlantic 
City, N. J., May 1, 1956. 

+ This work has been supported by grants-in-aid from 
the Life Insurance Medical Research Fund and the New 
York Heart Association, Inc. 


and his collaborators, Berglund, Isaacs, Case and 
Sarnoff (5-8), in the anaesthetized, open-chested 
dog with the heart im situ and its nerve supply 
intact but its circulation completely isolated and 
subjected to measurement. In large measure, the 
relationships between cardiac work and ventricu- 
lar filling pressure were similar to the results ob- 
tained by Starling. Two modifications evolved: 
one, ventricular function did not follow a single 
stroke work-filling pressure curve but rather a series 
or family of similar curves, each curve determined 
by the circulatory state at the time (anemia, aortic 
constriction, coronary artery constriction, induced 
epinephrinemia ) ; two, a descending limb on the 
ventricular work-filling pressure curve did not oc- 
cur in the “normal” satisfactory preparation but ap- 
peared when the myocardium was “compromised,” 
as by severe anemia, severe coronary artery con- 
Several features of these ex- 


periments, especially the large changes in 


striction or shock. 
blood 
volume required to alter the filling pressures and 
the relatively short periods during which the 
altered pressure-flow relationships were deter- 
mined, still raise the question whether the ob 
served results are applicable to man with normal, 
and especially failing, circulations in a steady state 
for long periods. 

Several studies suggest that Starling’s law may 
McMichael, with Sharpey-Schafer 
10), and Judson, Hollander, 


apply in man. 
and Howarth (9, 
Hatcher, Halperin and Friedman (11), observed 
an increase in cardiac output (hence cardiac work 
since arterial pressure did not change) when the 
elevated intracardiac pressures of subjects in con 
gestive heart failure were lowered by phlebotomy 
or by inducing venous stasis in the limbs. These 


observations have the disadvantage that phle 
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botomy reduces blood volume and the cuffs in- 
ducing venous stasis can be maintained for periods 
which may be too short to permit attainment of 


circulatory equilibrium. 

The advent of vasodilator drugs suggested the 
possibility of lowering ventricular filling pressure 
by noncardiac means for sufficiently long periods 
to attain circulatory equilibrium at a lowered pres- 
sure level and, thereby, to permit testing of the 
applicability of Starling’s law to man. The pres- 
ent experiments were designed to lower ventricu- 


lar filling pressure by 
ripheral vasodilatation, then observing whether 


producing primary pe- 


cardiac function altered as predicted by the law of 
the heart: an increase in cardiac work when the 
elevated ventricular filling pressure in congestive 
and a decrease in 


heart failure was lowered, 


cardiac work when normal filling pressure was 


reduced. 


PROCEDURES, METHODS AND SUBJECTS 


reneral The plan of study was to measure all 
functions simultaneously during a control state, during 
induced and maintained vasodilatation and again on re- 
turn of the control state. The drug Arfonad®, a thi- 
ophanium derivative [d-3,4(1',3’-dibenzyl-2'-ketoimidazo- 
lido)-1,2-trimethylene thiophanium d-camphor sulfonate], 
was chosen to produce vasodilatation and lower vascular 
pressures because this drug has no known direct myo- 
cardial or cardiac action. Its effects are produced by 
blocking sympathetic and parasympathetic ganglia and 
perhaps also by direct peripheral vascular dilatation (12, 
13). 

Cardiac output was determined by the direct Fick (14) 
method. Intracardiac and systemic vascular pressures 
were obtained directly and recorded with strain gages and 
electronic recorder. Renal hemodynamic functions were 
(15) 


Standard 


measured by clearance techniques and electrolyte 


concentrations by flame photometer. methods 
were used to determine the following: oxygen and car- 
bon dioxide in blood (16), room air (17) and exhaled air 
(17) ; the concentrations of inulin (18), para-aminohip 
purate (19) and sodium and potassium (flame photom- 
eter) in blood and urine; the plasma and blood volumes 
(20). 
of 15 to 20 minutes duration, with cardiovascular dy- 


Determinations were made in successive periods 


namic measurements made at the midpoint of the pe 
riods and renal hemodynamic functions and water and 
electrolyte excretions measured over the entire period. 
The nature, timing and sequence of the necessary proce- 
dures have been described previously in detail (21, 22). 
Renal hemodynamics and urinary excretions were de 
termined in only one-half of the experiments. 

The observations were made in the morn 
A control elec- 


Procedures. 
ing on supine subjects without breakfast. 
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trocardiogram was taken and the urinary bladder was 
catheterized. The intravenous infusion of inulin and 
para-aminohippurate was delivered continuously at 1 ml. 
per minute by a Bowman pump. A double lumen intra- 
cardiac catheter was placed with the distal opening in the 
pulmonary artery and the proximal opening in the right 
ventricle. A systemic artery was cannulated. A slow 
intravenous infusion of 5 per cent dextrose in water was 
begun and the system was provided with a three-way 
stopcock to permit switching from dextrose infusion to 
Arfonad® infusion without the subject’s knowledge. 

After three periods of control measurements the in 
travenous infusion of Arfonad®, 1 mg. per ml. in 5 per 
cent dextrose in water, was begun and delivered continu- 
ously by an infusion pump. The Arfonad® infusion was 
started at 0.5 mg. per minute and adjusted at 5 to 10 
minute intervals until the desired degree of vasodilatation, 
as determined by the level of arterial pressure, was ob- 
tained. This level was maintained for one hour, during 
which three periods of determinations were made, with 
their midpoints 15, 30 and 60 minutes after attaining the 
desired level of vasodilatation. The infusion of Arfonad® 
was then discontinued and after the vascular pressures 
had returned to control levels, or as close as it appeared 
they would return, the final period of determinations was 
made. While awaiting return of the control state, blood 
volume was determined by the Evans blue dye (T-1824) 
method (20). 

When possible, pulmonary “capillary” or “wedge” pres- 
sure was obtained during the third control, the third vaso- 
dilatation and the one postvasodilatation periods. Right 
atrial pressure was recorded during vasodilatation only 
on those occasions when the catheter could not be placed 
in the pulmonary artery. Right atrial pressure was 
routinely recorded during removal of the catheter at the 
close of the observations. Arterial hematocrits were ob- 
tained during the control period and again during the 
postvasodilatation period. Blood oxygen capacity was 
determined twice, once on samples pooled from the con- 
trol periods and the second time on samples pooled from 
the later vasodilatation periods. The corresponding val- 
ues were used to calculate arterial oxygen saturation for 
the individual periods. 

Even though Arfonad® was infused in small doses, 
ventricular filling pressure could not be lowered with 
out a concomitant reduction in systemic arterial pres 
sure. Therefore, the dose of the drug was carefully 
regulated and the fall in systemic arterial pressure was 
controlled. In hypertensive patients arterial 
pressure was lowered to normal, or slightly higher, 
levels; in normotensive subjects systolic arterial pres 
sure was lowered to 100 to 110 mm. Hg. These pres 
sures served as criteria for the desired degree of vaso 
dilatation and were maintained for one hour. Circula- 
tory collapse and severe hypotension were specifically 


always 


avoided. 

Calculations. Standard 
times modified as required by substitutions and assump- 
tions which led to the actual formulations used. Surface 


calculations were used, at 
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area was always based on edema-free weight. When 
measured right atrial pressure was not available, its value 
was taken to be the corresponding right ventricular end 
diastolic pressure minus the difference observed between 
right ventricular end diastolic pressure and right atrial 
pressure measured when the catheter was removed at the 
end of the observations. In occasional instances an avail- 
able right atrial pressure was substituted for an unavail- 
able right ventricular diastolic pressure. In calculations 


requiring pulmonary “wedge” pressure (pulmonary vascu-- 


lar resistance and left ventricular minute and stroke work) 
the following substitutions were made in those periods 
where this measurement was not available: The single 
value obtained during vasodilatation was used in calcula- 
tions for both the maximum vasodilatation period and the 
average of the vasodilatation periods; values obtained dur- 
ing the control period or the postvasodilatation period 
were substituted for each other when one of the measure- 
ments was not available. 

The formulae used were: systemic vascular resistance 
=(SAm— RAm)+C.O.; pulmonary vascular resistance 
=(PAm — PCm)~+ C.O.; renal vascular resistance =(SAm 
-RAm)+RBF. Vascular resistances are expressed ‘as 
mm. Hg per L. per minute, since nothing is gained by 
the more elaborate calculation into fundamental units. 

Left ventricular minute work index =(SAm— PCm) X 
C.I. x 14.4 + 1,000; right ventricular minute work index 
=(PAm— RVa)X CI. X 14.4+ 1,000; stroke work in- 
dex = minute work index of corresponding ventricle 
x 1,000 + V.R. Minute work index is expressed as Kg. 
M. per M.” per minute and stroke work index as Gm. M. 
per M.? per beat. 

The symbols are defined as follows: SAm= mean sys- 
temic arterial pressure, mm. Hg; RAm=mean right 
atrial pressure, mm. Hg; PAm = mean pulmonary arterial 
pressure, mm. Hg; PCm=mean pulmonary “wedge” 
pressure, mm. Hg; RVa= right ventricular end diastolic 
pressure, mm. Hg. 

C.O.=cardiac output, L. per minute; C.I. = cardiac 
index, L. per M.? per minute; RBF=renal blood flow 
in L. per minute=renal plasma flow +(1-Hct), where 
Hct = hematocrit, expressed as a decimal; V. R. = ven- 
tricular rate, per minute. 


RESULTS 


Subjects. Table I presents clinical information 
regarding the 17 patients on whom 21 experi- 
ments were performed. The subjects have been 
divided into four groups: Group I, congestive 
heart failure—five normotensive and five hyper- 
tensive cardiac patients with typical clincial con- 
gestive heart failure indicated by low cardiac 
indices and high A-V oxygen differences ; Group 
II, partial cardiac compensation—two normoten- 
sive and two hypertensive cardiac patients clini- 


cally recovered from congestive heart failure by 
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appropriate therapy and without signs or symp- 
toms of heart failure but with below normal 
cardiac indices and A-V oxygen differences above 
6 volumes per cent; Group III, noncardiac and 
cardiac compensation—two noncardiac subjects 
and alcoholism, 
patients, 


pneumonia 
cardiac 


convalescing from 
respectively, and three one 
normotensive and two hypertensive, fully com- 
pensated from congestive heart failure, receiv- 
ing maintenance doses of digitalis, without signs 
failure with nor- 


mal A-V differ- 


ences; Group IV, “normal output” congestive 


and symptoms of heart and 


cardiac indices and oxygen 
failure— two subjects, one normotensive and one 
hypertensive, with signs and symptoms of con- 
gestive heart failure but with normal cardiac 
indices and normal arterial-mixed venous oxygen 
differences. The four subjects, B.K., L.R., S.T. 
and E. S., who were studied twice, once during 
congestive heart failure and again after recovery 
of compensation, appear in two groups accord- 
ing to their cardiovascular status on each occasion. 

General response. There were no apparent 
differences between the subjects with congestive 
heart failure and the compensated cardiac and 
control subjects with respect to the amount of 
Arfonad® required to maintain vasodilatation, the 
speed with which vasodilatation occurred and the 
rapidity of return to the control state after stop- 
ping the drug (Table I). The dosage range was 
0.35 mg. to 1.25 mg. per minute with the usual 
mg. minute, 


both of Group 


dose between 0.5 mg. to 1.0 per 
Two subjects (J.H. and J.M.), 
III, required much larger amounts, 3.0 and 2.0 
mg. per minute, respectively. The rate of infu- 
sion of the drug was often increased by 0.25 mg. 
to 0.5 mg. per minute during the last half hour of 
vasodilatation in order to prevent the blood pres 
The 


time required to reach the desired level of vasodila- 


sure from rising above the desired level. 


tation varied considerably but averaged 25 to 30 
minutes. The control state was reached on an 
average of 30 minutes after stopping the infusion. 

During the vasodilatation the subjects with con- 
gestive heart failure seemed somewhat improved 
They were quieter, less restless and less complain- 
ing. Cerebration seemed less active and they even 
dozed. Respirations were often more shallow 


and irregular. Yawning occurred infrequently. 
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VASODILATATION IN CONGESTIVE 


When ventricular premature .contractions were 
previously present they became less frequent. 
Similar reactions occurred in subjects without 
congestive heart failure and, in addition, restless- 
ness, tension and “inside nervousness” were en- 
countered. After stopping the infusion of the 
drug, the initial condition of the patient rapidly 
returned. 

Presentation of data. The primary and derived 
data are too voluminous to be presented for all 
subjects. The data presented are tabulated for 
each group of subjects and give the following in- 
formation for each subject in a group: a) the 
average data of the control periods, )) the data 
of the period of maximum change during vaso- 
dilatation, c) the average data of the vasodilata- 
tion periods, d) the data of the postvasodilata- 
tion period, then the average data for all subjects 
The 


average data of the control (a) and vasodilatation 


of the group in the four categories above. 


(c) periods are the averages of three periods ex- 
cept occasionally when experimental difficulties 
The 
period of maximum change during vasodilatation 
was usually the first vasodilatation period and 


reduced the number to two and once to one. 


only once later than the second. The difference 
between the average data of the three vasodilata- 
tion periods (c) and the data of the period of 
maximum change (b) indicates the failure of the 
initial changes to be maintained throughout the 
period of vasodilatation. 


comparison of individual data with average data 


The shortcomings of the 
are recognized. However, the presentation per- 
mits comparison of average data from control 
periods with average data during vasodilatation 
and comparison of the single “maximum change” 
period with the single postdilatation period, per- 
mitting, thereby, several examining 
These 
abridged data present with validity the changes 


ways of 
the effects produced by vasodilatation. 


indicated by the complete data. 


Vascular pressures, vascular resistances, ventricu- 
lar rate (Tables II to VII, Figures 1 and 2) 


In all subjects of all four groups the blood pres- 
sure during Arfonad® infusion fell in the sys- 
temic circuit, the pulmonic circuit and right heart ; 
remained at the lowered level, or rose slightly, 
during the hour of vasodilatation; and returned 
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MINUTES 
Fic. 1. TypicaAL SertAL DETERMINATIONS OF VASCU- 
LAR PRESSURES IN A REPRESENTATIVE SuBJECT (L.R.) 
WITH CONGESTIVE HEART FAILURE 
Rate of intravenous infusion of Arfonad®, 0.8 mg. per 
FA designates femoral artery pressure; VR, 
Cc? 


pulmonary “wedge” or “capillary” pressure; RVa, right 


minute. 
ventricular rate; PA, pulmonary artery pressure; 


ventricular end diastolic pressure. 


to, or well toward, the control levels after stopping 
the infusion. Although the actual decreases in 
the various systemic and pulmonic pressures were 
greater when the control pressures were elevated, 
the percentile decreases were of the same order 
of magnitude, usually between 20 and 30 per cent 
(Table VII), in both the greater and lesser circu- 
lations. An exception was the 60 per cent de- 
crease in pulmonary “capillary” pressure in 
Groups II, III and IV. Although the elevated 
pressures due to congestive heart failure (right 
atrial, right ventricular, pulmonary arterial and 
pulmonary “capillary’’) were lowered decidedly, 
they did not fall to the normal range. Qualita- 
tively and quantitatively the same degree of change 
in vascular pressures occurred in all four groups 
of subjects, and within each group normotensive 
and hypertensive subjects responded similarly. 
Systemic vascular resistance decreased in all 
groups of subjects by about 30 per cent during 
vasodilatation and returned to control levels after 
the drug was discontinued. Exceptions were a 
10 per cent decrease in systemic vascular resis- 
tance in the noncardiac and compensated sub- 
(Group III). 


tance, on the other hand, decreased, again by 


jects Pulmonic vascular resis- 


about 30 per cent, only in the the congestive heart 
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VASODILATATION IN CONGESTIVE HEART FAILURE 


SYSTEMIC ARTERY (FA) MEAN PRESSURE 
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FONAD® ON VASCULAR PRESSURES IN CONGESTIVE HEART 
FAILURE AND IN CARDIAC COMPENSATION 

The data are the average data for all subjects in each 
group. For any line the first point is the average of the 
control periods, the second point is the period of maxi- 
mum effect during vasodilatation, the third point is the 
average of the vasodilatation periods, the fourth point 
is the postvasodilatation period. In each panel the two 
horizontal lines indicate the range of normal values. 


failure group and increased in each of the other 
three groups. 

Ventricular rate decreased during the vasodilata- 
tion by 5 to 10 per cent in all subjects except in 
Group III where the rate tended te 
slightly, by 5 per cent. 


increase 
Unlike the vascular pres- 
sures and resistances, ventricular rate tended to 


563 


remain below the control level after stopping the 
Arfonad® infusion. 

The data indicate a generally similar decrease 
in vascular pressures and resistances in all groups 
of subjects, except for the changes in opposite 
direction in pulmonary vascular resistance. 


Respiration and metabolism (Tables I! to V11, 

Figure 3) 

During vasodilatation the rhythm of respira: 
tion frequently became irregular but in all four 
groups of subjects the respiratory rate remained 
essentially unaltered. The minute volume of re- 
spiration showed inconsistent changes, tending to 
decrease slightly, 6 per cent, in subjects with 
heart failure (Group I) or partial compensation 
(Group II) and to increase by a comparable 
amount in noncardiac and compensated subjects 
(Group IIT). 


two subjects with “normal output” failure (Group 


Except for lack of change in the 


IV), the metabolic rate decreased slightly, 6 to 
12 per cent, but consistently and significantly 
(p= < 0.01) in the other subjects during vaso 
dilatation and returned to the initial level upon 
discontinuing the vasodilator drug. 
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Rate of intravenous infusion of Arfonad®, 0.8 mg. per 
minute. O, Cons. designates oxygen consumption; Art 
cardiac index. In 
the third panel from the top are indicated the oxygen 


Sat., arterial oxygen saturation; C.I., 


content of blood of artery, top line; of mixed venous blood, 
lower A-V 


line; and oxygen difference, vertical con 


necting lines. 
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VASODILATATION IN 


Cardiac output and blood oxygen contents (Tables 
I] to VII, Figures 3 and 4) 


During the fall in vascular pressures, cardiac 
output increased slightly, 15 per cent, but never- 
theless definitely and consistently (8 of 10 sub- 
jects) in both the normotensive and hypertensive 
subjects in congestive heart failure(Group I). The 
increase appears significant : p value for the 10 sub- 
jects lies between 0.05 and 0.02. The increases 
did not, however, bring the cardiac outputs to nor- 
mal values. In contrast, cardiac output fell in four 
of the five noncardiac and compensated cardiac 
subjects (Group III) and remained unchanged in 
one. Statistically, the average fall of 18 per cent 
appears significant: p value between 0.05 and 
0.02. The validity of these changes in cardiac 
output is indicated by the opposite, and again 
contrasting, changes in arterial-mixed venous oxy- 
gen difference, a better index of cardiac function 


than cardiac output in that the A-V oxygen dif- 


ference relates the blood supply (cardiac output) 
to the need for it (oxygen consumption). Thus, 
in congestive heart failure (Group I), the A-V 
oxygen difference decreased by 22 per cent (p 
value significant, less than 0.01); but again the 
final values were not in the normal range. In 
contrast, A-V oxygen difference in the compen- 
sated cardiac and noncardiac subjects (Group 
III) changed variably (rose in three, decreased 
in one, unaltered in 
per cent increase (p value a not significant 0.3). 


one) to give an average Jo 


Furthermore, the decrease in A-V oxygen dif- 
ference in congestive heart failure was associated 
with an average 5 to 10 per cent increase (p value 
between 0.1 and 0.05) in oxygen content of mixed 
venous blood. In contrast, an average 4 per cent 
decrease (p value between 0.1 and 0.05) in mixed 
venous oxygen content occurred in the noncardiac 
and compensated subjects. The changes in A-V 
oxygen difference were similar in normotensive 
and hypertensive subjects within a group. 

As the period of vasodilatation progressed, the 
changes in cardiac output, A-V oxygen difference 
and oxygen content of mixed venous blood tended 
to lessen and revert toward control values in the 
subjects with congestive heart failure (Tables II 
and III) but were better maintained at their altered 


levels in the compensated cardiac and noncardiac 
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Details of plotting are the same as those in Figure 2. 


subjects (Table V). After withdrawal of Arfo- 
nad® these functions returned to control values in 
the subjects with congestive failure but tended to 
remain at their altered values in the compensated 
cardiac and noncardiac subjects. 

In the partially compensated subjects (Group 
Il) the two hypertensive patients manifested 
changes similar to those in congestive heart fail 
ure; the two normotensive subjects developed 
no changes, nor did the two patients with “normal 
output” heart failure (Group IV). 

In all subjects and at all levels of arterial oxy- 
gen content and arterial oxygen saturation, there 
occurred during vasodilatation a consistent fall 
(p value less than 0.01) in arterial oxygen con- 
tent and oxygen saturation, amounting to 3 to 4 
per cent in the noncardiac and compensated sub- 
jects and 6 to 8 per cent in the other three groups. 
These values returned well toward control levels 


after discontinuing the infusion of Arfonad®. 
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Fic. 5. Errect oF INTRAVENOUS INFUSION OF AR 
FONAD® oN Carpriac WorK IN CONGESTIVE HEart FaI_- 
URE AND CARDIAC COMPENSATION 

Details of plotting are the same as in Figure 2, ex- 
cept that the horizontal line separates the data for the 
The 


numbers indicate subjects averaged for the adjacent lines. 


two ventricles and not the range of normal values. 


Cardiac work (Tables II to VII, Figure 5) 


In the patients with congestive heart failure 
(Group I) minute work index and stroke work 
index of both the left and right ventricle remained 
essentially unchanged, or perhaps decreased 
slightly, during the fall in vascular pressures and 
rise in cardiac output which accompanied vaso- 


dilatation (Tables IJ, III and VII). 


values tended to persist in the postvasodilatation 


The lower 
period. In contrast, in the compensated cardiac 
and noncardiac subjects (Group III) both left and 
right ventricular minute work index and stroke 
work index decreased, by 30 to 40 per cent, during 
the vasodilatation and tended to return to control 
values in the postvasodilatation period (Tables 
V and VII). 
subjects in congestive heart failure had largely 
In the 
compensated cardiac and noncardiac subjects, the 
both 


Hypertensive and normotensive 
similar and equal responses (Figure 5). 


decreases in cardiac work indices were 


RADER AND 


EICHNA 


greater in hypertensive than in normotensive sub- 
jects. Because of the small numbers of subjects 
in the several groups, statistical analysis of the 
data on cardiac work did not prove helpful. 

In the one subject (hypertensive) with partial 
compensation (Group II) vasodilatation resulted 
in increases in minute work index (15 per cent) 
and stroke work index (25 per cent) of the left 
ventricle and decreases in both minute work in- 
dex (15 per cent) and streke work index (5 per 
cent) of the right ventricle (Table IV). The 
one (hypertensive) subject with “normal output” 
congestive failure (Group IV) developed marked 
decreases in both minute work and stroke work 
indices of the left (30 per cent) and right (45 
per cent) ventricles (Table VI), a decided con- 
trast with the results in low-output congestive 
heart failure. 


Renal functions and water and electrolyte excre- 


tions (Tables VIII to X, Figure 6) 


The changes in renal hemodynamic functions 
during vasodilatation were relatively small and 
variable. Glomerular filtration rate altered slightly 
and inconsistently in all groups, with decreases 
In sub- 
jects with congestive heart failure (Group I) 
renal plasma flow tended to increase (20 per 


perhaps more frequent than increases. 
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Fic. 6. TypicaL SERIAL DETERMINATIONS OF RENAL 
HEMODYNAMICS AND SODIUM AND WATER EXCRETIONS 
IN A REPRESENTATIVE SuBJECT (L.R.) witH CONGESTIVE 
HEART FAILURE 

Rate of intravenous infusion of Arfonad®, 0.8 mg. per 
minute. RPF designates renal plasma flow; GFR, glo- 


merular filtration rate; FF, filtration fraction. 





VASODILATATION IN CONGESTIVE HEART FAILURE 


TABLE VIII 


Effects of Arfonad® on renal hemodynamics and urinary excretions: Congestive heart failure 








Glomer- Renal 
ular Renal Filtra- Renal fraction vascular Urinary Urinary 
filtration plasma tion blood of cardiac resist- Urine sodium potassium 
Patient* rate flow fraction flow output ance output excretion excretion 





ml./min, ml,/min, % ml./min. % mm. Hg ml./min, nEq./min, pEq./min. 
L/min. 


Normotensive patients 


Avg. Cont. 165 262 9.9 376 0.4 
Max. Vasod. 214 340 i 176 0.7 
Avg. Vasod. 156 248 10.3 284 0.5 
Post Vasod. 203 $22 15.4 273 0.6 


26 
34 
26 
38 


— 


AAAA 
oS 
NNN 


S 


Avg. Cont. : 162 3 337 119 289 0.9 : 53 
Max. Vasod. 180 375 9.5 200 0.6 46 
Avg. Vasod 5 184 2 384 olf 207 0.8 54 
Post Vasod. 


Hypertensive patients 


Avg. Cont. 7 156 46 
Max. Vasod. 162 32 
Avg. Vasod. 200 37 
Post Vasod. 


Avg. Cont. 264 
Max. Vasod. 381 
Avg. Vasod. 328 
Post Vasod. 254 


Avg. Cont. 125 46 430 
Max. Vasod. 157 48 14.4 243 
Avg. Vasod. 138 54 2 320 
Post Vasod. 131 52 9.1 355 


mann 


Avg. Cont. 59 29 1. 1,562 
Max. Vasod. 14 53 26 He 1,194 
Avg. Vasod. ‘ 54 23 be 1,228 
Post Vasod. 2 60 34 2 1,366 
Avg. Cont. £55 384 225) 8.0% 664 
Max. Vasod. 191 33) 267 9.2 453 
Avg. Vasod. 177 36 2384) 8.8 510 
Post Vasod. 162° 43°) 213 8.913 664° 


“Normal output” congestive heart failure 


Avg. Cont. 56 162 ; 2 1 410 5 867 

Max. Vasod. 35 138 4.7 259 0.4 65 16 
Avg. Vasod. 40 162 = 236 0.7 106 26 
Post Vasod. 50 165 ; : 8.6 295 3.0 514 18 


* For each subject the data are: first row, average of all control periods; second row, period of maximum effect ; third 
row, average of all vasodilatation periods; fourth row, postvasodilatation period. Number under initials of patients 
indicates period of maximum effect of Arfonad®. 

t Averages are for six patients except as otherwise indicated by superscript numbers in parentheses 
cent) and similar, if slightly less marked, rises same extent. In the few patients studied no dit- 
occurred in renal blood flow and in the renal ference was noted between the normotensive and 
fraction (Tables VIII and X). No similar hypertensive subjects. 
changes occurred in the other three groups of sub- In all four groups the renal excretion of water 
jects, where decreases in these three renal hemo- and sodium, and less markedly and regularly of 


dynamic functions were more common than potassium, decreased during the period of vaso- 
increases. However, consistent decreases in filtra- dilatation, usually by about 30 per cent, but by 
tion fraction, 10 to 15 per cent, and in renal vascu- as much as 80 to 90 per cent for water and so- 
lar resistance, 15 to 30 per cent, occurred in all dium when their initial excretions were large. 
four groups of subjects and to approximately the The decrease in urine volume was usually associ- 





572 


ated with a decrease in glomerular filtration but 
falls in electrolyte excretion occurred without ap 
The 
water and electrolyte excretions remained de- 


preciable changes in glomeruluar filtration. 


creased, at least to some degree, during the post- 
vasodilatation period, when cardiovascular dy 
namics had already returned to, or well toward, 
control values. 


DISCUSSION 


in the whole the patients, even with severe 
congestive heart failure, tolerated surprisingly 


vel ti 


thie 


itksome and long procedures imposed 


, me 
my tat 


study. The complexity of the procedures, 
the variations in circulatory state between pa- 
tients even of the same group, and the difficulty 
of obtaining a similar circulatory state or change 
of state during vasodilatation probably contributed 
to the variability of the data obtained. This var- 
iability and the relatively few subjects studied do 
not permit strict quantitative relationships to be 
drawn between the various functions. Neverthe- 
less, the qualitative changes which emerged ap- 


pear valid. 


rABLE 


Effects of Arfonad® on renal hemodynamics and urinary excretions: 
d cardiac patients 


partially compensate 


Glomer 
ular 
filtration 
rate 


Renal 
plasma 


flow 


Renal 
blood 
Patient* flow 


mi./min 
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AND EICHNA 


Nature of the cardiovascular and renal responses 
during vasodilatation 


The present observations substantiate previ- 
ously reported studies, usually of individual or 
few functions, which indicate that primary vaso- 
dilatation, induced by various vasodilating agents, 
produces changes similar to those here observed: 
decreases in pressure in all parts of the compen- 
sated circulatory system in both normal and hy- 
pertensive circulations (23-26) and in congestive 
heart failure (23-25, 27-29), a rise in cardiac out- 
put in congestive heart failure (23-25, 27) but 
a fall in output in the normal circulations (23, 
25, 26) and a decrease in water and electrolyte 
excretions, associated with inconsistent changes 
in renal hemodynamics, in all circulatory states 
(23, 25, 26, 30, 31). Through repeated, inte- 
grated and simultaneous determinations of mul- 
tiple functions, the present observations permit 
a more direct correlation of the changes in the 
several functions. 

One question in the present study was to ex- 
amine whether differences in vascular tonus be- 
tween normal and congested circulations might 
be disclosed by the need for different amounts of 


IX 


Noncardiac subjects and 


Renal 
fraction 
of cardiac 


output 


Urinary 
potassium 
excretion 


Urinary 
sodium 
excretion 


uEq./min. wlq./min. 


. ¢ 


Noncardiac control subject 


539 
584 
571 
581 


19 
17 
18 
19 


842 
885 
866 
881 


Avg. Cont. 
Max. Vasod. 
Avg. Vasod 
Post Vasod 


Normotensive 


209 
196 
214 


Avg. Cont. 

Max. Vasod 
Avg. Vasod. 
Post Vasod. 


Hypertensive 


41 
36 
34 


Avg. Cont. 

Max. Vasod 
Avg. Vasod. 
Post Vasod. 


251 
157 
211 


124 
106 

99 
111 


16.1 
21.2 
18.4 
18. 


partially compensated cardiac patient 


13. 
liz 
14. 


partially compensated cardiac patient 


6.3 
0.4 
0.4 
A 


619 
28 
19 
74 


79 
43 
56 
80 


* For each subject the data are: first row, average of all control periods; second row, period of maximum effect ; third 


row, average of all vasodilatation periods; fourth row, postv 


indicates period of maximum effect of Arfonad ®. 


asodilatation period. Number under initials of patients 








Renal hemodynamic aiid urinary effects of Arfonad®: Percentage changes from average control values * 
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IN CONGESTIVE HEART FAILURE 


rABLE X 








eA) 
~~ 
w 


G!lomer- Renal Renal 
ular Renal Filtra- Renal fraction vascular Urinary Urinary 
: filtration plasma tion blood of cardiac resist- Urine sodium potassium 
Periodst rate flow fraction flow output ance output excretion excretion 
ml./min. ml./min. o/; ml./min. % mm. Hg ml./min, pEgq./min. wEq./min 
L./min. 
Group I. Congestive heart failure (6 patients) 
Avg. Cont.—-Max. Vasod. — 4 +23 —13 +19 +15 —32 31 -50 -19 
Avg. Cont.—Avg. Vasod. + 8 +14 — § + 6 +10 - 23 32 -44 11 
Avg. Cont.—Post-Vasod. —10 + 4 +43 — § +11 0 20 11 11 
Group II. Partial compensation (2 patients) 
Avg. Cont.—Max. Vasod. ~ 30 —23 - 6 — 2 7 — 8 81 86 33 
Avg. Cont.-Avg. Vasod. -19 —- 8 -11 + 8 + § —16 80 86 20 
Avg. Cont.—Post-Vasod. 71 79 +14 
Group III. Noncardiac control and compensation (1 patient) 
Avg. Cont.—Max. Vasod. — 2 + 8 ~10 + 5 +32 —14 30 55 12 
Avg. Cont.—Avg. Vasod. + 4 + 6 — § + 3 +14 —20 ~26 52 +10 
Avg. Cont.—Post-Vasod. +13 + 8 0 + § +12 10 +13 78 19 
Group IV. ‘Normal output”’ congestive heart failure (1 patient) 
Avg. Cont.—Max. Vasod. —38 —15 —26 —15 —23 37 ~93 92 
Avg. Cont.-Avg. Vasod. —29 0 — 26 0 13 -42 -88 -88 
Avg. Cont.—Post-Vasod. —11 + 2 —12 + 2 +41 -28 47 -41 
* The data are averaged data for the patients in each group and are percentage values to the nearest whole number. 


t The 


analysis represents, for each group, the percentage change from the average of the control values (avg. cont.) 


as follows: first row, period of maximum effect (max. vasod.); second row, average of all vasodilatation periods (avg. 


vasod.) ; third row, postvasodilatation period (post-vasod.). 


vasodilator agent in the two states. The data do 
not provide an answer. The two noncardiac sub- 
jects required the largest amounts of Arfonad® 
used. The same amount of Arfonad® appeared 
to produce larger actual falls in vascular pressures 
in congestive heart failure but the percentile 
changes in pressure were as great, and even 
greater, in the normal circulations, particularly in 
regard to residual or filling pressures. 

The fall in systemic and renal vascular resis- 
tances during both rising and falling cardiac out- 
puts and in both the normal circulation and in 
congestive heart failure indicates that Arfonad® 
produced primary vasodilatation of the systemic 
vascular circuit. A similar fall in pulmonary 
vascular resistance in congestive heart failure sug- 
gests a primary dilatation of the pulmonary vascu- 
lature and not solely a redistribution of blood from 
the pulmonary vascular bed into the concomitantly 
dilating systemic vessels (32). Arfonad® 
considered to be primarily a ganglionic blocking 
agent and the decreases in vascular resistances 
may, at first, be taken as evidence that the vaso- 
dilatations are of neurogenic origin. However, a 
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Arfonad® on blood ves- 


The data cannot, 


direct dilator action of 
sels has been reported (13). 
therefore, resolve the question of the existence of 
sympathetic innervation of the pulmonary ves- 
sels. This is particularly so since pulmonary 
vascular resistance actually rose in the more nor 
mal circulations (Group III), presumably in re- 
sponse to the distribution of blood away from the 
lung into the systemic vascular bed. 

No explanation is apparent for the unexpected 
fall in oxygen consumption during vasodilatation, 
unless the drug actually lowers the metabolic rate. 
It is also possible that tissue metabolic rate did 
not change and that the observed low pulmonary 
uptake of oxygen was supplemented by additional 
and unaccounted oxygen from other sources. No 
such sources are apparent. 

The consistently lowered arterial oxygen con- 
tent during vasodilatation was associated with no 
significant change in respiratory rate or minute 
volume of respiration. Accordingly, it is unlikely 
that impaired alveolar ventilation with decreased 
alveolar oxygen tension was responsible for the 


arterial unsaturation. An intriguing possible ex- 
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planation might be the opening up during vaso- 
dilatation of communications between pulmonary 
arterial and pulmonary venous channels, by pass- 
ing the alveoli and permitting a greater degree of 
venous admixture. 

Since hypoxia has been shown to induce hemo- 
dynamic effects, the fall in arterial oxygen satu- 
ration during vasodilatation introduces a compli- 
cating factor in the analysis of the results obtained. 
In noncardiac subjects, arterial oxygen satura- 
tion down to 80 or 82 per cent is tolerated without 
change in cardiac output, while hypoxia of greater 
degree causes an increase in cardiac output 
(33-35). In the present 21 observations arterial 
oxygen saturation during vasodilatation fell to 82 
per cent or below only six times; 12 times the 
saturation remained above 85 per cent and three 
It appears unlikely that 
this degree of hypoxia influenced the cardiac out- 


times above 90 per cent. 


put in the noncardiac and compensated cardiac 
subjects. Two further points support this con- 
clusion: The change in cardiac output during the 
hypoxia was opposite (a fall) to the expected in- 
creases induced by significant hypoxia and the de- 
gree of change in cardiac output was not related to 
the extent of fall in arterial oxygen saturation. 
Data indicating the effect of hypoxia on cardiac 
function of patients with congestive heart failure 
In the present study the in- 
crease in cardiac output during vasodilatation in 


were not located. 


congestive failure patients is considered to be un- 
affected by the associated hypoxia, largely for the 
reason already cited, but particularly because the 
induced hypoxia was rarely down to 80 per cent 
arterial oxygen saturation and because the changes 
in cardiac output were much the same whether 
arterial oxygen saturation fell considerably (to 
82 per cent) or only minimally (to 88 per cent). 


Comparison of effects produced by vasodilatation 
with effects produced by digitalis 


In congestive heart failure, some of the etfects 
produced by intravenously administered Arfo- 
nad® were strikingly similar to the effects which 
followed intravenous administration of digitalis 
glycosides (9, 21). In each instance there oc- 
curred: rapid onset of effect, fall in intracardiac 
pressures, decrease in vascular resistances, some 


decrease in heart rate, increase in cardiac output, 
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decrease in A-V oxygen difference, slight de- 
crease in oxygen consumption and slight de- 
crease in arterial oxygen content and saturation. 
Single therapeutic doses of the glycosides gener- 
ally produced more marked effects than those here 
evoked by primary vasodilatation, but in individual 
instances Arfonad® produced just as marked re- 
sults as digoxin. There however, im- 
portant differences in the results produced by the 
two drugs. The hemodynamic effects produced 
by the digitalis glycoside were sustained, whereas 
the responses induced by the vasodilator drug did 
not outlast its infusion and even tended to de- 
crease toward the later part of the infusion. 
Digoxin did not lower systemic arterial pres- 
sure and usually increased it slightly. Accord- 
ingly, during the action of digoxin the lower- 
ing of intracardiac filling pressures was associated 
with increased cardiac minute and stroke work, 
in contrast to the unchanged cardiac work noted 
during the vasodilator action of Arfonad®. The 
hemodynamic effects produced by digitalis gly- 
cosides were, therefore, consistent with Starling’s 
law; the effects produced by Arfonad® were per- 
haps not. The differences in cardiac work pro- 
duced by the two drugs permit speculation re- 
garding a possible difference in primary action of 
the drugs in congested failing circulations: the 
glycosides affecting heart muscle directly to in- 


were, 


crease myocardial action and produce greater work, 


the vasodilator agent apparently having no direct 
myocardial effect but permitting the unaltered 
heart muscle to eject more blood against the 
lowered vascular resistance. 

The renal effects of the two drugs were in 
striking contrast: A diuresis of water and electro- 
lytes followed administration of digoxin, whereas 
Arfonad® produced a reduction in water and 
electrolyte excretion. This difference in urinary 
excretions occurred even though both drugs in- 
duced similar slight, but inconsistent, alterations 
in renal hemodynamic functions. In view of the 
reported decreased urinary excretion of water and 
electrolytes when renal venous pressure is raised 
(36-38), a reduction of elevated renal venous 
pressure, such as probably was produced by Arfo- 
nad®, would be expected to produce an increased 
renal excretion of water and electrolytes—as was 
the case with digoxin. The falls in systemic 
arterial pressure were not so great as to jeopar- 
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dize glomerular filtration Further- 
more, in animal experiments, diureses have been 
reported following removal of sympathetic in- 
nervation of the kidney (39). In view of these 
related findings the absence of a diuresis following 
\rfonad® is contrary to expectation and remains 


pressure. 


unexplained. 


Cardiovascular changes during vasodilatation and 


Starling’s law 


Although the circulation, as measured by cardiac 
output and A-V oxygen difference, improved 
when the high intracardiac filling pressures in con- 
gestive heart failure were lowered, and became 
impaired, in the majority of instances, when the 
normal ventricular filling pressures of noncardiac 
and compensated cardiac subjects were decreased, 
these changes are not evidence that Starling’s 
law was fulfilled (40). Moreover, there was a 
discordant observation: Often in congestive heart 
failure the increase in cardiac output, which oc- 
curred when the elevated filling pressures were 
first lowered, tended not to persist and cardiac 
output gradually decreased even though ventricu- 
lar filling pressures remained at their lowered 
levels. 

When Starling’s law is considered in its cor- 
rect terms of cardiac work, it appears that cardiac 
work did not increase when the elevated intra- 
cardiac filling pressures of congestive heart failure 
were lowered. In both normotensive and hyper- 
tensive patients with congestive heart failure, min- 
ute work index and stroke work index of both the 
left and right ventricles remained essentially un- 
changed as ventricular filling pressures fell. In 
the normotensive and hypertensive compensated 
cardiac patients and the noncardiac subjects the 
fall in intracardiac filling pressures was ac- 
companied by the expected decreases in minute 
work index and stroke work index of both the 
left and right ventricles. 

The interpretation of these changes in heart 
work in reference to Starling’s law is rendered 
difficult, perhaps impossible, by the occurrence in 
the present observations of the fall in arterial 
pressures, both systemic and pulmonic. Since 
cardiac work is a function of both cardiac output 
and the arterial pressure against which the output 
is ejected, a reduction in arterial pressures repre- 
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HEART FAILURE 
sents an influence toward decreased cardiac work. 
Thus, in the patients with congestive heart fail- 
ure, the tendency for cardiac work to increase as 
a result of the greater cardiac output was offset 
by the lowering of arterial pressures and cardiac 
work remained essentially unchanged. In the 
compensated cardiac and noncardiac subjects the 
lowered arterial pressures had a greater influence 
in reducing the cardiac work than the observed 
small decreases in cardiac output. 

Since the present experimental procedures 
lowered the pressures on both sides of the ven- 
tricles, it was not possible to determine the effect 
of changes in intracardiac filling pressures alone, 
as a test of Starling’s law requires. However, 
if one accepts the work equation as a correct rep- 
resentation of the work performed by the heart 
and accordingly accepts the basic concept that 
work as calculated is equivalent irrespective of 
the differences in the individual components enter- 
ing into work, then the present conditions of con- 
comitantly lowered arterial pressures offer no bar 
to the application of a general principle, and hence 
of Starling’s law. This argument would also ac- 
cept as no bar the consideration that for the same 
calculated work, the heart tolerates (1.e., lower myo- 
cardial oxygen consumption and energy expendi- 
ture for the same amount of external work) flow 
work better than pressure work. Accepting these 
basic concepts, then the present observations sug- 
gest that Starling’s law applies when ventricular 
filling pressures are normal but not when ven 
tricular filling pressures are elevated. An alterna- 
tive interpretation would stress the decidedly dif- 
ferent work in the two 
circulatory states, in relation to each other. Thus, 
the unchanged cardiac work during the lowering 
of the elevated filling pressures in congestive 


changes in cardiac 


heart failure represents a better cardiac perform- 
ance (a relative increase in work) than the de- 
creased cardiac work associated with the fall in 
the normal ventricular filling pressures of the nor- 
mal circulation. Such an interpretation suggests 
that Starling’s law applies in the failing as well 
as in the nonfailing circulations. However, this 
intepretation requires that the measurements in 
the patients with congestive heart failure were 
made at the flat portion of the cardiac work-fill- 
ing pressure curve, where no change in work oc- 
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curs upon lowering of the filling pressure. It 
also requires that all 10 patients with congestive 
heart failure had cardiac functions of similar de- 
grees of insufficiency—even when the degrees of 
congestive failure, as clinically evaluated, varied 
from relatively mild to very severe. Finally, 
this interpretation is not entirely consistent with 
the observed increase in cardiac output and work 
which occurs when patients with congestive heart 
failure recover compensation (22). 

It is apparent that the observations in both the 
failing and nonfailing circulation can be inter- 
preted as consistent with Starling’s law, but in the 
failing circulations only if certain assumptions 
are made regarding the state of the congestive fail- 
ure in the clinical material. It is apparent, too, 
that the whole issue requires observations made 
under conditions of unchanging arterial pressures. 


“Beneficial” effect of peripheral vasodilatation in 
congestive heart failure 


The observation that primary vasodilatation in 


congestive heart failure results in an increased 
blood flow (cardiac output) without an increase 
in cardiac work suggests clinical and therapeutic 
applications (41). 
sure against which the heart must eject blood per 


Presumably lowering the pres- 


mits an impaired myocardium to circulate more 
blood without an intrinsic improvement in its con- 


tractile activity. Such a result can be considered 


of advantage to the circulation in that the supply 


of blood to the various organs can be increased, 
even when the failing myocardium is not capable 
of improvement and greater work. However, the 
present observations deal with short periods of 
time (one hour) and in some instances the in 
creased cardiac output was not sustained for the 
entire interval of lowered vascular pressures. Ac 
cordingly, no extrapolation of the acute effects 
here observed to chronic vasodilatation in conges- 
tive heart failure is intended. Furthermore, should 
the acute decrease in urinary excretions, here pro- 
duced by Arfonad®, persist during chronic vaso 
dilatation, the long term effect of this vasodilator 
agent could be undesirable. 


SUMMARY 


1) Primary peripheral vasodilatation for one 
hour was produced by the intravenous infusion of 
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the ganglionic blocking agent Arfonad® in 12 
cardiac subjects during congestive heart failure, in 
seven cardiac subjects after recovery of compensa- 
tion and in two noncardiac subjects. 

2) Inall subjects vascular and intracardiac pres- 
sures were lowered, by 20 to 30 per cent, in both 
the systemic and pulmonic circulations. 

3) In 8 of 10 subjects with low output conges- 
tive heart failure the lowering of vascular pressures 
was associated with an increase in cardiac output 
of approximately 15 per cent. Since the oxygen 
content of mixed venous blood rose and A-V oxy- 
gen difference fell, the increase in cardiac output 
was considered a valid one. 

4) In four of five noncardiac and compensated 
cardiac subjects the lowering of vascular pres- 
sures resulted in a decrease in cardiac output 
(approximately 15 per cent), a fall in oxygen 
content of mixed venous blood and a small rise 
in A-V oxygen difference. 

5) In all groups of subjects peripheral vaso- 
dilatation was accompanied by consistent de- 
creases in the excretion of water and sodium, 
while renal hemodynamic functions changed vari- 
ably and slightly. 

6) The effects were similar in hypertensive and 
normotensive subjects. 

7) Because of the 
against which the heart ejected blood, the in- 


fall in arterial pressures 
crease in cardiac output during vasodilatation in 
the patients in congestive heart failure was achieved 
without increase in cardiac minute or stroke work. 
In the noncardiac and compensated cardiac sub- 
jects minute and stroke work of the heart de- 
creased during vasodilatation and this decrease 
was due more to the fall in arterial pressure than 
to the decrease in cardiac output. 

8) The fall in arterial pressures in the present 
observations makes it difficult, if not impossible, to 
determine whether Starling’s law of the heart ap- 
plies to the hemodynamic effects produced by 
peripheral vasodilatation. If one accepts the con- 
dition of altered arterial pressures, then Starling’s 
law may be considered to have held in the non- 
cardiac and compensated cardiac circulations but 
not in congestive heart failure, unless one as- 
sumes that cardiac function in all of these pa- 
tients was on the flat portion of the cardiac work- 
filling pressure curve. 

9) Arfonad® given intravenously in congestive 
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heart failure produced effects similar to digitalis 
glycosides with respect to decreased intracardiac 
pressures, increased cardiac output and decreased 
A-V oxygen difference. However, following di- 
goxin, cardiac work increased and a diuresis of 
water and electrolytes was produced, whereas 
after Arfonad®, cardiac work remained unaltered 
and water and electrolyte excretions decreased. 
10) It is not clear whether the increase in blood 
flow without increase in cardiac work, which fol- 


lows peripheral vasodilatation by Arfonad®, is 


of benefit to the circulation in those states where 
the heart is so impaired that myocardial activity 
cannot be intrinsically improved. 
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The establishment of the quantitative precipi- 
tin reaction as an analytical-chemical procedure 
by Heidelberger and Kendall (1) was followed in 
1937 by Kendall’s original use of the method in 
the estimation of human serum proteins in health 
and disease (2, 3). A major drawback to the 
use of this immunochemical method for obtaining 
meaningful human serum protein values has con- 
cerned the purity or homogeneity of the specific 
protein used as the antigen (4). In particular, 
the heterogeneity of the human gamma globulin 
fraction, as defined electrophoretically, has been 
pointed out (5). Cohn, Deutsch and Wetter have 
demonstrated distinctive immunochemical _ be- 
havior in various subfractions of the human se- 
rum gamma globulins (6). In these studies, 
however, the principal differences in immuno- 
chemical behavior of the subfractions were noted 
in zones of antigen excess; this zone is not em- 
ployed in the studies reported herein. 

Although numerous physical, chemical and im- 
munological criteria have been set forth for the 
establishment of protein purity, the lack of in- 
formation regarding protein structure does not 
permit a clear definition of a single human pro- 
tein species. In general, the proteins comprising 
the human serum gamma globulins separated by 
ethanol fractionation have an isoelectric distribu- 
tion of pH 5.7 to 7.5; their electrophoretic mo- 
bilities range from 0.97 to 2.64. The marked 
antigenic similarity, indeed almost antigenic iden- 
tity, of the members of this family of proteins in 
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the zone of antibody excess, has been well docu- 
mented (7, 8). For the purposes of this study 
it was felt that a physically or chemically homo- 
geneous gamma globulin preparation, possessing 
immunologic homogeneity in the zone of anti- 
body excess, might be employed for preparation of 
antibody to be used in a quantitative precipitin 
test for estimation of gamma-reactive globulin in 
human fluids. Because of the inadequacy of other 
methods, it was considered likely that this tech- 
nique might be especially useful when the con- 
centration of the gamma globulin to be measured 
is very low. 

The physical, chemical and immunological simi- 
larities of the human gamma globulins and most 
specific antibodies are well documented (9, 10). 
On the biological level, the clinical entity agam- 
maglobulinemia provides strong evidence in sup 
port of the concept that gamma globulin and 
most antibodies arise from a common source (11, 
AZ). 
patterned directly after the methods of Heidel- 
berger and Kendall (1), have been applied to the 
study of agammaglobulinemic and normal human 
sera, and reference comparisons to electrophoretic 
The pur- 


Accordingly, immunochemical estimations, 


observations have been accomplished. 
poses of the present study were several-fold and 
included the following: 1. To establish the ef- 
ficacy of the quantitative precipitin reaction for 
the accurate estimation of human serum gamma 
globulins. 2. To measure the serum concentra- 
tions of gamma-reactive globulin in normal hu- 
mans. 3. To describe the quantitative gamma 
globulin deficit in patients with both congenital 
and acquired agammaglobulinemia. 4. To estab- 
lish the biological survival time of parenterally 
administered gamma globulin in humans by im- 
munochemical means. 5. To study the appearance 
of gamma-reactive globulins in the newborn baby 
of a mother with acquired agammaglobulinemia, 


and to relate the appearance of gamma globulin 


3/9 
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to the time of onset of specific immune globulin 
synthesis and release; to study the disposition of 
maternally transmitted gamma globulin by the 


agammaglobulinemic offspring of an immunologi- 


cally normal female who had previously borne a 
son afflicted with the congenital form of the di- 
sease. ©. To compare maternal and cord serum 


concentrations of gamma-reactive globulin. 


MATERIALS AND METHODS 


Sixty immunologically normal children ranging in age 
from one day to 15 years: These children were patients 
at the University of Hospitals, 
General Hospital and the Ancker Hospital of St. Paul, 
who had been admitted for study or treatment of con- 
None had been troubled 


Minnesota Minneapolis 


genital anomalies or of trauma. 
with recurrent infections, and in no case was there rea- 
son to suspect an abnormality of protein synthesis or an 
immunological deficit 


Twenty-four immunologically 


normal, healthy adults: These subjects were laboratory 
and hospital personnel, ranging in age from 19 to 34 years. 
Thirty-one maternal cord serum pairs: In all cases, the 
maternal blood was drawn within two hours of parturi- 
tion. Sera from 16 patients with agammaglobulinemia: 
Nine of these were patients with the congenital form of 


The sub- 


jects chosen for study of gamma globulin half-life deter- 


the disease, and seven with the acquired form. 


minations included four congenitally agammaglobulinemic 
patients and a normal newborn who was bled frequently 
All subjects were free of 
per- 


during the neonatal period. 


clinical infections at the time these studies were 


formed. 
After preinjection bleedings, each subject in the half- 
life study was given gamma globulin in various dos- 


blood 
The bloods were allowed to 


ages intramuscularly. Venous was drawn there- 
after at varying intervals. 
clot at room temperatures for one hour, placed at 2° C. 
overnight, the sera separated by centrifugation in the 
cold, quick-frozen at —70° C., and stored at —26° C. un- 
til ready for use 

The decline of maternally transmitted gamma globulin 
was assessed by studying the male offspring of an ap- 
mother who had previously borne a 


parently normal 


congenitally agammaglobulinemic male. In this study, 
blood samples were drawn from the jugular vein of the 
baby in the neonatal period and at intervals through- 
out the first year 

The appearance of gamma globulin in the newborn and 
its quantitative characteristics during the first year of 
life were determined in the unique situation of a nor- 
mal female offspring of a patient with acquired agam- 
maglobulinemia, reported upon in detail elsewhere (13, 
14). 


the baby’s jugular vein throughout the first year of life. 


Frequent venous blood samples were obtained from 


Total serum proteins were determined by the biuret 
(15). Quantitative precipitin 
determinations for human gamma-reactive globulin were 


method of Weichselbaum 


ZAK AND 


ROBERT A. GOOD 


Kabat and Mayer (16). A 
highly purified gamma globulin preparation obtained by 


performed as outlined by 


ethanol fractionation was kindly supplied by Dr. J. T. 


Edsall, and served as antigen in these studies. The 
Kendall (2) for alum precipitation of the 
antigen and that of Jager, Smith, Nickerson and Brown 
Anti 


human gamma globulin was produced in albino mixed hy- 


method of 
(17) for the immunization schedule were adopted. 
brid rabbits weighing 4 to 5 Kg. The alumi precipitated 
antigen was administered intravenously only and in a 
concentration of 1 mg. per ml. over a three week period. 
Each animal received a total of 12 mg. of the alum pre 
cipitated material. On the eighth day following the 
last injection of antigen, each animal was exsanguinated 
The bloods 
obtained were allowed to clot at room temperatures for 
one hour, placed at 2° C. then 
rimmed and the tubes centrifuged at 1,500 rpm for 20 
minutes in an International PR-1 centrifuge; the sera 
were decanted and pooled after preliminary testing for 
The pool was then recentrifuged at 


by cardiac puncture under sterile conditions. 


overnight, the clots 


antibody content. 
2,000 rpm for 20 minutes, decanted, and merthiolate was 
added to a final concentration of 1 part in 10,000. The 
C. for 30 minutes, allowed 


pool was then heated at 56 
to come to room temperature, dispensed into sterile glass 
tubes, quick-frozen in an alcohol-acetone dry ice bath, and 
stored at —26° C. until ready for study. Prior to use in 
these and all subsequent determinations, sera and anti- 
sera were clarified by centrifugation for one hour in the 
cold at 3,000 rpm. 

Absorption-precipitin study. A solution of the gamma 
globulin prepared in diluent, 
sisting of 0.01 molar phosphate at pH 7.4, and brought 
to ionic strength 0.145 with sodium chloride. The con- 
centration of gamma globulin in this solution was estab- 
lished by repeated micro-Kjeldahl analyses; volumetric 
dilutions of this standard were then prepared. Quanti- 
tative precipitin determinations were carried out by add- 
ing 1 ml. of each antigen dilution to 1 ml. of antiserum 
After thor- 


was nitrogen-free con- 


in standard heavy-walled precipitin tubes. 
ough mixing by agitation, the tubes were capped with 
parafilm, and allowed to incubate for one hour at 37° C., 
placed at 0 to 4° C. The tubes 
were agitated daily. They were then centrifuged for one 
hour in the cold at 3,000 rpm, and the supernates poured 


then for eight days. 


off and tested for the presence of antigen and antibody. 
All procedures were carried out in the cold. The tubes 
were allowed to drain over filter paper for 15 minutes, and 
the precipitates were washed by resuspension in 0.145 N 
nitrogen-free NaCl. This washing procedure was re- 
peated The 
digested with 0.5 ml. digestion solution and analyzed for 


twice. washed specific precipitates were 


nitrogen by the micro-Kjeldahl method. Repeated analy- 


ses, using the same as well as different lots of antiserum, 
yielded results agreeing within less than 5 per cent in all 


instances, and in most instances, the agreement was 


within less than 2 per cent. Reference was thenceforth 
made to the zone of antibody excess in the precipitin 
of rab- 


curves thus constructed. One hundred-fifty mi 
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TABLE I 


Serum gamma globulin concentrations in normal humans: 
Immunochemical estimations 


Gamma 


Group globulin Range 


Number 


mg. % 
Normal infants 663.19 417.90-1140.62 
1 day-7 wks. 
Normal infants 
3-6 mo. 
Normal infants . S12 
6-15 mo. 
Normal children 
19-54 mo. 
Normal children 
7 15 yrs. 
Normal adults 
19-34 yrs. 


398.3 214.84— 621.09 


279.69-1125.00 


882.37 440.62-1541.60 


1151.9 833.40-1312.50 


1124.3 734.00-1687.50 


bit anti-human gamma globulin serum was treated with 
75 mg. of lyophilized agammaglobulinemic serum which 
had been found to contain 2.5 mg. per cent of gamma 
globulin, incubated for one hour at 37° C. and then stored 
at 0 to 4° C. for eight days, with daily agitation. Sterile 
procedure was used throughout. The treated antiserum 
was then centrifuged at 3,000 rpm for one hour in the 
cold and decanted. Seventy-five ml. of this once ab 
sorbed antiserum was again absorbed by the same tech- 
Finally, aliquots of the unabsorbed, once and 


with 


nique. 
decomplemented 
The latter reagents 


twice absorbed antisera were 
crystalline BSA-rabbit-anti-BSA.? 
were added in precise proportions corresponding to their 
equivalence point as determined by previous quantita- 
tive precipitin studies. Separate quantitative precipitin 
determinations were then performed using each of the 
antisera with dilutions of the standard gamma globulin 
solution. 

demonstrates the close 
the amounts of gamma globulin precipitated in the zone 


Figure 1 agreement among 
of antibody excess with the three antisera, and serves 
to demonstrate that even the unabsorbed antiserum pos- 
sessed sufficient immunological homogeneity for use in 
determinations of gamma globulin concentrations. As 
may be seen from the figure, no decrease in the amount 
of precipitate occurring in the zone of antibody excess 
took place when absorbed serum was used. These find- 
ings also suggest that the gamma globulin preparation 
used as antigen did not contain other protein constituents 
in significant amounts. 

Free electrophoresis was carried out in a Klett Model 
I. Tiselius apparatus at 4° C. 
8.6, ionic strength 0.1; the gamma globulin used as anti- 
Paper 


against veronal buffer, pH 


gen was found to be symmetrically monophoretic. 
electrophoresis was carried out in a Spinco Model R series 
B paper electrophoresis apparatus, and the patterns ob- 
tained in the Spinco Analytrol. 
vealed that the gamma globulin fraction employed as anti- 


This study, too, re- 


gen was homogeneous. 


1Armour and Co., bovine plasma albumin, crystal- 


lized. 
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1. ABSORPTION-PRECIPITIN STUDY OF Raspit 


AnTI-HUMAN GAMMA GLOBULIN SYSTEM 


Studies performed with Oudin (18), double diffusion, 
and Ouchterlony (18) methods revealed a single band of 
precipitate at equivalence when the antiserum was tested 
standard human globulin antigen, 


against the gamma 


normal human sera and agammaglobulinemic sera. 


RESULTS AND DISCUSSION 


Summarized in Table I are the gamma globulin 
concentrations as determined immunochemically 
The dis- 


tribution of gamma globulin levels is also shown 


on normal infants, children and adults. 


as the stippled area on Figure 3. 

Table II describes the quantitative immunologi- 
cal deficit in 16 agammaglobulinemic patients. All 
have 


agammaglobulinemic patients gamma 


some 
globulin as measured in this the 


gamma globulin concentrations in patients with 


Way ; serum 
xe 
S 


ranged from 2.5 
I 


to 16.0 mg. per cent while those of patients with 


congenital agammaglobulinemi 


acquired agammaglobulinemia ranged from 12.0 to 
97.0 mg. per cent. Although some overlap between 
the two groups was observed, it will be seen that 
the adult agammaglobulinemics generally possess 
higher concentrations of gamma globulin in their 
serum than do the children with the congenital 
form of the disease. 

? 


Figure 2 summarizes the data obtained in the 


immunochemical estimation of the biologic half- 
life of parenterally administered gamma _ globulin 
in patients with agammaglobulinemia. In_ this 
study, serum gamma globulin concentrations were 
plotted as a semilogarithmic function of time fol- 
lowing the injection of various doses of gamma 


globulin. These patients ranged in age from one 
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BioLocic HaLr-Lire of HUMAN GAMMA GLOoBU- 


LIN IN PATIENTS WITH AGAMMAGLOBULINEMIA 


to seven years. The biologic half-life of gamma 
globulin in these patients ranged from 30 to 35 
days and appeared to be independent of age, con- 
centration of the protein, or time after injection. 

Figure 3 describes the appearance of gamma 
globulin in the normal female offspring of a pa- 
tient with acquired agammaglobulinemia, and its 
decline in the agammaglobulinemic male offspring 
of an apparently normal female. In the first in- 
stance, the gamma globulin concentration of the 
maternal blood did not differ significantly from 
that of the cord blood, nor were the isohemag- 
glutinins or antibodies to any of the antigens with 
which the mother had been stimulated observed in 
the baby’s serum. Antigenic stimulation was pro- 
vided the baby by weekly injections of typhoid- 
paratyphoid vaccine, and diptheria, pertussis and 
tetanus vaccine during the first two months and 
monthly thereafter. The baby was born agam- 
maglobulinemic and remained so throughout the 
first 40 days of life. 
tieth day of life, the serum gamma globulin con- 


On approximately the for- 


centration was found to be 115 mg. per cent and 
it rose rapidly thereafter. Eighteen days follow- 
ing the first increase in gamma globulin concentra- 


tion and at a time when the concentration of this 
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TABLE II 


Immunochemical estimations of serum gamma globulin 
concentrations in patients with agammaglobulinemia 





Gamma 
globulin 


Form of disease, 
concentration 


Subject 
~ . mé. y 6 
Congenital 
agammaglobulinemia 


— 
~~ 
> 


COWD= OPN 
COrUnorun 


mame WSIA A tO 
wh 


-~ 
— 


Mean: 
Range: 

Acquired 

agammaglobulinemia 

iy om 

FH. 

K.N. 

A... 

BA 

M. O'B 

B.A 
Mean: 


Range: 


protein was nearly 200 mg. per cent, antibodies 
to H antigen were first demonstrated in signifi- 
cant titer. Thereafter, the baby formed agglutin- 
ins to 0 and B antigens, formed diphtheria anti- 
toxin, and became Schick negative at four months 
of age. It is of interest that appreciable quan- 
tities of gamma globulin were present for a con- 
siderable period preceding the appearance of dem- 
onstrable levels of circulating antibodies.” 

The decline of maternally transmitted gamma 
globulin in the agammaglobulinemic son of a nor- 
mal female emphasizes several points of interest. 
First, this child who cannot form gamma globulins 
begins life with at least a normal concentration of 
this protein in the serum. The logarithmic de- 
cline of gamma globulin in this baby was uni- 
formly linear throughout the first 10 months of 

2 Since this study has been completed, another female 
child was born to the same agammaglobulinemic mother. 
Similar studies of gamma globulin concentration re- 
vealed a curve almost identical to that of the baby de- 
scribed here except that the initial increment in circulat- 
ing gamma globulin concentration occurred between 20 
and 28 days after birth rather than between 35 and 42 
days as was the case with this baby. 
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life, at which time the serum concentrations fell 
within the range observed among other agam- 
maglobulinemic children. The half-life of gamma 
globulin in this child throughout the first 10 
months of life is comparable to that seen in agam- 
maglobulinemic patients given gamma globulin 
parenterally. 

In Figure 4 are shown semilogarithmic plots of 
the decline of gamma globulin concentration of a 
normal offspring of a patient who had previ- 
ously borne a son found to be agammaglobuli- 
nemic. In this graph, the decline of gamma globu- 
lin concentration is compared to the decline ob- 
served following injection of gamma globulin in 
a six year old agammaglobulinemic boy. During 
the first 80 days of life, the curve in this patient 
was similar in slope to that defining the half-life 
of injected gamma globulin in the agammaglobuli- 
nemic patients and virtually identical to that de- 
fining the decline in gamma globulin concentration 
in an agammaglobulinemic baby born of an ap- 
parently normal mother (Figure 3). 

Table III summarizes the serum values on 31 
maternal blood-cord blood pairs taken at parturi- 
tion. The differences between the two groups of 
sera with respect to total protein concentra- 
tion and gamma globulin concentration estimated 
both electrophoretically and immunologically 
were small. Although the gamma globulin con- 
centrations determined by the immunochemical 
method were slightly higher in the cord serum 
than in the maternal serum, the difference be- 
tween the two groups was not statistically signifi- 
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cant. These observations, although consistent 
with their interpretations, provide little support 
for the conclusions of Moore, Martin du Pan and 
Buxton, and others who suggest that active trans- 
port and/or local placental production of gamma 
globulins are responsible for elevated cord levels 
noted with electrophoretic methods (19). 


DISCUSSION 


The immunoelectrophoretic observations of Gra- 
bar and Williams (20, 21) indicate that human 
gamma globulins may be immunologically homo- 
geneous and physico-chemically heterogeneous. 
The immunological studies in the agar precipitin 
systems performed here support this contention. 
Furthermore, the absence of significant amounts 
of serum proteins other than gamma globulins 
from the material used as the antigen in these 
studies, as well as the specificity of the antibodies 
produced in the rabbit against this human gamma 
globulin, is suggested by the absorption-precipitin 
study. 

Previous studies comparing results of the gamma 
globulin levels obtained with the immunochemi- 
cal method and gamma globulin levels obtained by 
electrophoretic analyses have revealed that higher 
concentrations are obtained with the former tech- 
nique. This finding has been variously attributed 
to the presence of gamma-reactive globulin under 
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TABLE III 


Serum values on 


Total serum protein 


Maternal Cord 


Gm. % 
6 965 
0.81 
5.6 
9.3 


6.529 

1.28 

4.85 
10.2 


Mean 


S. D. 


Range 


0.1096 


p Value 


the alpha and beta globulin peaks of the electro- 
phoretic spectrum. When paper electrophoretic 
methods are used, albumin tailing, higher affinity 
of the gamma globulins for the dyes used, and the 
application artifact introduce errors which pro- 
hibit strict quantitation. The data presented here, 
however, in agreement with those of Goodman 
and co-workers (22), suggest that immunochem- 
ical and electrophoretic values are of the same 
order of magnitude within the usual ranges of 
concentrations observed in human sera. The im- 
munochemical method, being more sensitive and 
more precise, affords clearer insight into subtle 
differences in protein concentrations, and is par- 
ticularly valuable in assessing very low concen- 
trations of protein. 

Among the sera of patients suffering from the 
agamma- 


severe handicap in protein synthesis, ag: 
globulinemia, we have observed no instance in 
which gamma globulin was not detectable by pre- 
cipitin methods in liquid-liquid or in semisolid 
media. The finding of extreme hypogammaglobu- 
linemia rather than complete absence of the pro- 
tein in the sera of these patients by immunochemi- 
cal means was reported upon in the original de- 
scription of the disease. Our observations sup- 
port this conclusion and indicate that neither im- 
purities in antigens used nor cross reactivity 
among the serum proteins account for the small 
amounts of gamma globulin measured in each 
case, 

The mean biologic half-life of parenterally ad- 
ministered gamma globulin, established by the 
immunochemical method, reveals a value which is 
comparable to that reported by Bruton, Apt, 
(11) in agammaglobuli- 
nemics by a similar technique, and by others in 


Gitlin and Janeway 


normal humans using immunologic, electrophoretic 


Maternal 


1826 


31 maternal-cord samples taken at delivery 


Immunochemical 


Electrophoretic 
gamma globulin 


gamma globulin 


Cord Maternal Cord 
mg. % 
978.7 
296.4 
509.4 
1762.5 


1081.8 
285.9 
645.3 

2187.5 


940.4 
264 
580 


1139.7 
320.8 
510 
2070 
0.0076 0.1645 


and salt 
(23-25). 
The appearance in the newborn of apparently 


precipitation techniques, respectively 


nonimmune, gamma-reactive globulin in appreci- 
able quantities well before the appearance of 
specific serum antibody might suggest that only 
some gamma globulin is antibody. However, the 
existence of this apparently nonimmune globulin 
may well represent a response to antigens which 
are ubiquitous and for which testing was not ac- 
complished. The of this child to 
thesize gamma-reactive globulin during the first 
40 days of life is also apparent from these data. 
Further data collected in this laboratory on a 
similar case revealed initial appearance of serum 


failure syn- 


gamma globulin between 21 and 28 days of life. 

The immunochemical studies reported herein 
are in essential agreement with other studies per- 
formed using different methods to reveal the 
variation in serum gamma globulin concentrations 
throughout infancy and childhood. Normal in- 
fants display a variable interval, lasting between 
two and six months, prior to the assumption of 
full immunological responsibility. During this 
interval, the gamma globulin concentrations may 
decline normally to values slightly above 200 mg. 
per cent. Certainly most children show no ap- 
parent ill effects of the immunological inade- 
quacy or the low gamma globulin levels. Failure 
to assume active gamma globulin synthesis, or 
delay in development of this function, is followed 
by further decline in gamma globulin concentra- 
tion. This state has been referred to as the tran- 
sient hypogammaglobulinemia of infancy and is 
characterized clinically, just as is clinical agam- 
maglobulinemia, by extreme susceptibility to bac- 
terial infection. Similarly, a child subsequently 
proved to be agammaglobulinemic showed con- 
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tinued decline in gamma globulin concentration 
at an almost identical rate to that observed early 
in the neonatal period in children subsequently 
shown to be immunologically normal. In this in- 
stance, however, the decline continued until levels 
This child 


developed increased susceptibility to infection 


under 10 mg. per cent were reached. 


when the gamma globulin level descended below 
100 mg. per cent (Figure 3). 


other observations, it would appear that the criti- 


From these and 


cal level of serum gamma globulin concentration 
is of the order of 100 mg. per cent. 


SUMMARY 


Procedures for the quantitative estimation of 
gamma globulins in human sera used in this labo- 
ratory are presented. Data suggesting the ade- 
quate homogeneity of a gamma globulin prepara- 
tion for use in immunochemical estimations are 
presented. Normal values for the gamma globu- 
lin concentration in newborns, infants, children 
and adults, as determined by immunochemical 
methods, are presented and compared with electro- 
phoretic values. Gamma globulin concentrations 


in 16 patients with agammaglobulinemia are 


shown. The half-life of injected gamma globulin 


in four congenitally agammaglobulinemic — pa- 
tients, as determined by the immunochemical 


The 


gamma globulin synthesis and immunological re- 


method, is documented. assumption of 
sponsibility in the unique instance of a normal off- 
spring of an agammaglobulinemic patient is de- 
scribed and compared with a “reciprocal” in- 
stance of an agammaglobulinemic offspring of an 
immunologically normal female. The rate of de- 
cline of gamma globulin concentration during the 
first two and one-half months of life observed in 
an immunologically normal child was found to be 
similar to that of parenterally injected gamma 
globulin in agammaglobulinemic patients and simi- 
lar to the decline of gamma globulin concentration 
observed during the neonatal period in an agam- 
maglobulinemic child. 
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Pathological changes in lung tissue following 
chest wall irradiation have been adequately docu- 
mented in the past (1-5). 
function 


However, pulmonary 
been systematically studied. 
Published studies (6-9) are incomplete and the 
findings complicated by the original disease. In 


has_ not 


view of this and because of a desire to determine 
the amount of radiation which might safely be 
administered to the chest, a systematic study was 


undertaken in dogs. The results of this study 


follow. 


METHODS 


Pulmonary function and vascular resistance were evalu- 
ated in dogs before and after irradiation to the chest. All 
studies were performed under pentobarbital anesthesia. 
Two different irradiation schedules were utilized. Eight 
dogs received a calculated dose of 1,000 to 2,900 roentgens 
(r) to the mid-chest in a single exposure. No animal 
survived longer than two and one-half months. For 
practical reasons, it was not feasible to study resistance 
and function in the same animal. Therefore, resistance 
was evaluated in the first five animals within 24 hours 
of irradiation. Diffusing capacity, functional residual 
volume and compliance were determined in the remain- 
ing three animals at two to three week intervals. In 
order to effect a longer period of survival, seven animals 
were irradiated under a second schedule consisting of a 
dosage of 200 to 300 r to each side of the chest repeated 
at weekly intervals up to a total calculated mid-chest dose 
of 3,000 to 4,800 r. Three of these animals survived 
longer than six months. Diffusing capacity, functional 
residual volume and compliance were determined at two 
to three month intervals following onset of irradiation. 
Vascular studies were also conducted in four animals at 
the time of the final evaluation. 

* Reported in part before the Midwestern Section of 
the American Federation for Clinical Research, October 
31, 1957, Chicago, Ill. 

+ This investigation was supported in part by a Re- 
search Grant No. C-2656 (R) from the National In- 
stitute of Health, Public Health Service. 

t Clinical Investigator of the Veterans Administration. 


All irradiation was given with 260 KV. peak ecuipment 
(filter, one-half mm. Cu, 1 mm. Al, half-value layer 1 
mm. Cu; target-skin distance, 50 to 70 cm.) 
animals under pentobarbital anesthesia. Field 
cluded the chest from xiphoid to lower neck. 

Compliance. Values for total thorax, lung and chest 
wall compliance obtained by the static method 
(10) with the animals anesthetized and curarized. A 
cardiac catheter, with a latex secured to the 
terminal 5 inches, was introduced well into the thoracic 
portion of the esophagus (11, 12). The catheter was 
marked at the level opposite the incisors, so that it could 
be placed in the same position in subsequent tests. <A 
cuffed endotracheal 
trachea and 


with the 


size in 


were 


condom 


tube was within the 


Muscle 
the intravenous injection of 


positioned 
inflation of the 
paralysis was obtained by 


sealed by cuff. 
approximately 6 ml. of a 0.01 per cent solution of suc 
cinyl-choline. Respiration maintained 
with a mechanical respirator, except during evaluation 
Air 
pressure in the 
In order to mini 


was artificially 


of the pressure-volume relationships. intro 
duced into the tracheal until 
cannula reached a pre-selected level. 


Was 
cannula 


mize variations due to hysteresis, inflation time for a 
given volume was maintained approximately equal at 
each study. Tracheal and esophageal pressures were re 
corded. The lungs were then allowed to deflate passively 
into a recording spirometer. After 15 to 20 seconds the 
procedure was repeated. Tracheal pressures of 10, 20, 
30, 40 and 50 cm. of H:O were utilized. Three determi- 
nations were made at each 


pressure. Compliance was 


calculated as follows: 


Volume (L. ATPS) 
| 


Total thorax compliance : 
Pracheal pressure (cm 


HO 
Thoracic cage compliance 


Volume (I 


1 


A TPS) 


Esophageal pressure (cm. HO) 


Lung compliance 


Volume (L. ATPS 


Tracheal-esophageal pressure (cm. H2O) 


In order to determine the accuracy of values for lung 
compliance calculated from the above formula, the chest 
walls of three animals were opened and retracted, and 
compliance of the lungs was determined directly. Values 
obtained with the chest open were compared with those 


calculated from data obtained with the chest closed. 


587 





588 STANFORD K. SWEANY, WILLIAM 


functional residual capacity (FRC). Functional re- 
sidual capacity was determined by the open circuit method 
during spontaneous breathing (13, 14). Respiration was 
monitored continuously during the procedure with a ni- 
detect washout. 
was complete in 
for 
The sample volume was measured in a spirometer and 
the the 
FR 
(14). 
Diffusing capacity. 
by the carbon 
spontaneous breathing (15). 
collection times were two minutes each 
three minutes suggested in the reference article. 
blood oxygen and carbon dioxide tensions were determined 
by the bubble equilibrium technique (16). Expired gas 
samples were analyzed for carbon monoxide and carbon 
dioxide The per- 
centage was determined with an oxygen analyzer.’ Total 
gas volume, including portions analyzed, was spirometri- 
Minute ventila 


completeness of 
three 


trogen-analyzer! to 
Washout of 


collection 


nitrogen minutes. 


Gas was continued two minutes longer. 


by analyzer. 


the 


per cent of nitrogen estimated 


was calculated according to usual formula 
Diffusing capacity was estimated 
method during 
Equilibration and sample 
instead of the 


Arterial 


steady state monoxide 


with infrared analyzers.* oxygen 


cally measured and converted to STPS. 
tion was obtained by dividing the total gas volume by 
collection time. Diffusing capacity (Dco) was calculated 


from the original equations (15). Duplicate determina- 


*——* Control 
H----k 77 days s 
o——° 133 days Pw 


/s 


‘ 
‘ 
‘ 
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40 
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BETWEEN PRESSURE 
TotaL THORAX 
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RELATION 
AND 


lic. 1. AVERAGE 
VOLUME IN 
AFTER 


LUNGS 
IRRADIATION 
S1x ANESTHETIZED CURARIZED Docs 


CAGE, 
AND FRACTIONAL 
Three volume measurements were made at each pres- 


sure in each animal. 


1 Model 
Minn. 

* Liston-Becker Model 16, CO. Analyzer, Beckman 
Instruments, Inc., Belmont, Cal. Model 15A, CO Ana- 
lyzer, Beckman Instruments, Inc., Springdale, Conn. 

3 Model E-2, Arnold O. Beckman, Inc., 1020 Mission 
Street, South Pasadena, Cal. 


A-5, Waters Conley Company, Rochester, 
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tions were made in three animals in order to determine 
the reproducibility of the method. The second determina- 
tion was 78, 80 and 103 per cent of the first in the 
three animals, respectively. Single determinations were 
made in all subsequent examinations. 
Pulmonary vascular studies. Cardiac 
inserted into the pulmonary artery and left atrium via the 
These tech- 
Pressures 


catheters were 
jugular vein and carotid artery, respectively. 

(17):, 
were measured with resistance wire pressure transducers. 
Fick principle. 
rhe per cent of oxygen in expired air was measured with 
oxygen analyzer. Oxygen was ob- 
tained from the product of the percentage difference in 


niques have been described elsewhere 


Cardiac output was calculated by the 


the consumption 
oxygen between inspired and expired air and the cor- 
rected total one minute expired Pulmonary 
vascular resistance was calculated by dividing the dif- 
ference in pressure between the pulmonary artery and 
left atrium by the cardiac output. 


volume. 


RESULTS 
Compliance 
The values for total thorax compliance increased 
progressively as the pressure was elevated to 30 
Further pressure eleva- 
The 


same relationship was apparent for the lung. 


em. H,O (Figure 1). 
tion resulted in a reduction in compliance. 


These findings are similar to those reported by 
others (10, 18). 

Total compliance decreased following irradia- 
tion mainly as a result of a reduction in lung 
compliance. Three animals were studied two 
and four weeks following single dose irradiation. 
Changes were irregular at two weeks. By four 
weeks, however, reduction in both total and lung 
compliance was apparent in two of the three 
animals. Six dogs were studied an average of 
77 and 133 days following onset of fractional ir- 
radiation (Figure 1). for total 
thorax compliance at 20 cm. H,O averaged 0.034 


3y 77 days, total compliance 


Control values 


L. per cm. H,O. 
had decreased in three of the six animals and the 
3y 133 days, it had 
decreased in all six and the average value was 
0.028 (t = 2.92, p= 0.05 to 0.01). The changes 
in lung compliance were similar. The 
control value at 20 cm. H,O was 0.056. 
days, lung compliance had decreased in 


average value was 0.033. 


average 
By 77 
four of 
the six animals and the average value was 0.052. 
3y 133 days, it had decreased in all six and the 
average value was 0.045 (t = 3.36, p= 0.05 to 


0.01). Cage compliance did not change greatly 
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in any animal. These findings indicate that the 
increased rigidity of the lungs-chest resulted 
from changes within the lung. Three of these 


animals were restudied 172, 228 and 273 days, 
Total 
and lung compliance was further decreased in all 


respectively, following onset of irradiation. 
three. Thoracic cage compliance was below the 
pre-irradiation value in only one of the three 
(Figure 2). 

One nonirradiated and two irradiated dogs were 
studied immediately before and after opening the 
chest. The values obtained with the chest open 
compared favorably with those with the chest 
closed (Figure 2). 


Diffusing capacity 


Diffusing capacity did not change consistently 


in three animals studied two weeks and four 


rABLE I 


Values for several measures of pulmonary function before 
and at various lime intervals after the onset of 
fractional irradiation to the chest 


Weight Time 
and of 
sex study 


Min 
vent. 


Dog 


no. pCO2z pO Deco 


ml. CO 


min./ | 
mm. Hg 


5.0 


L./min, 
STPD mm. Hg 
74.5 
71.1 


65.2 


82.9 
68.5 
47.1 


90.0 
84.2 
69.9 


mm. Hg 
45.6 
51.9 
20.5 


48.7 
54.6 
48.1 


45.6 
38.3 
28.9 


38.5 Ibs. 
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49 Ibs. 
Male 


—wWww 
nhs 


45 Ibs. 
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bo & 
ons 


32 Ibs. 
Male 
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30... 86. 
33. 99, 
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rm wwW 


48 lbs. 
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pee COON 


Wr Who 
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sIUIbos 
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So 
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53.0 
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m= row 
So SORRY 


—— 
i =) 


41 Ibs. 


Female 


DoW WwW 
_ 


40.9 
43.4 
36.8 


Average 


Rew 
SNmwW 


* C, control. 
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Fic. 2. RELATION BETWEEN PRESSURE VOLUME 
IN CaGE, LUNGs AND ToTtaL THorax oF Doc No. 13 BE- 
FORE AND AT THREE PERIODS AFTER 


ATION TO THE CHEST 


AND 


FRACTIONAL IRRADI- 


On the two hundred twenty-eighth day, values for the 
lung were also obtained immediately after opening the 
chest. 
urements. 


Each point represents the average of three meas 


weeks following irradiation with a single dose. 
It decreased progressively in those animals stud- 
ied more than two months following onset of 
fractional irradiation (Table I, Figure 3). Control 
values from seven animals averaged 4.3 ml. per 
minute per mm. Hg. By 82 days following the 


onset of irradiation, diffusing capacity was _be- 


low the control value in five, above it in one and 


the same in one. The average value was 3.2 ml. 





—T 7 


120 140 160 
Fic. 3. CHANGE OF PULMONARY DIFFUSING CAPACITY 
IN SEVEN Docs FoLLowING FRACTIONAL IRRADIATION TO 
THE CHEST 


Each point represents one determination 
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per minute per mm. Hg (t = 2.56, p= 0.05 to 
0.01). 
low the control value in all seven. 


$y 137 days, diffusing capacity was be- 
The average 
value was 2.0 ml. per minute per mm. Hg (t = 5.68, 
p= < 0.01). 


ied 172, 228 


Three of these animals were stud- 
and 273 days, respectively, following 
onset of fractional irradiation. Diffusing capacity 
further decreased from the preceding value in 
one, but increased toward normal in two. 

A low diffusing capacity was frequently as- 
sociated with a low pO,, and in occasional in- 
stances this occurred despite a decrease in pCO, 
and minute ventilation. The changes in minute 
ventilation, pCO, and pO, were not regular, how- 
ever, and are only included for the sake of com- 
pleteness (Table I). 


Functional residual capacity 


There was no change in the functional residual 
capacity in three animals studied two and four 
weeks following irradiation with a single dose. 
Functional residual capacity decreased in all ani- 
mals studied more than 80 days following onset 
Pre-irradia- 
This 
value, on a weight basis, is similar to that re- 
(14). 


Kighty-one and 137 days following irradiation, 


of fractional irradiation (Table I). 
tion values from four dogs averaged 650 ml. 
ported Simmons and 


by Hemingway 


average values were 521 and 478 ml. Functional 
residual capacity further decreased in three ani- 
mals restudied more than 172 days following onset 
of fractional irradiation. 


Pulmonary vascular resistance 


Table II shows that pulmonary arterial pres- 
sure, pulmonary venous pressure, cardiac output 
and pulmonary vascular resistance did not change 
significantly up to a period of five months follow- 
ing irradiation. In three animals studied after 
six months, pulmonary arterial pressures and re- 
sistances appeared to be elevated. 

Values for resistance before and at three and 
24 hours after irradiation averaged 2.1, 3.0 and 
2.0 mm. Hg per L. per minute, respectively, in 
8O 
days after irradiation revealed a value of 3.2 mm. 


five animals. Re-evaluation of one animal 


Hg per L. minute. Two additional dogs 


per 
were studied 68 and 135 days after single and 


fractional dose irradiation, respectively. Resis- 
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TABLE II 


Pulmonary vascular variables immediately before and at 
various time intervals following onset 
of irradiation to chest 


Mean 
pul. 
ven, 

pres. 


Mean 
pul. 
art. 

pres. 


Pul. 
vas. 
resist. 


Time 
of Art. 
study O2 


Cardiac 
output 


mm. He/ 
mm.Hg mm.Hg L./min. 
28.0 24.0 1.2 

6.0 2.0 


vol. % 
16.0 
16.3 


vol. % L./min. 


11.0 
13.1 


days 
c* 
0.1T 


1A 


Cc 
0.1t 


10.8 
9.3 


a5 
on 


ss 
0.1t 
0.9 


~ 
—) 


NRd&Si bh 
Co, 
on 
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0.1t 
0.9 

80.0 


SPOR ANN 


OSM w 


m 
0.1t 
0.9 


wiv ty 
=> 


a 2 
So = 


68.0§ 


mn 
oo) 


135.0} 


i) 
mn 


N 
oo 


* Control. 

+ Time after 2,000 r single dose. 

t Time after 3,000 r single dose. 

§ Time after 2,900 r single dose. 

|| Time after starting 4,800 r fractional dose. 
4 Time after starting 3,000 r fractional dose. 


tance values in these two animals were 0.8 and 
1.0 mm. Hg per L. per minute. Three dogs 
were studied more than six months following onset 
of fractional irradiation. Comparison of these 
values (Table II) with the control values from 
other animals in this study and with those re- 
ported elsewhere (19) indicate that two of these 
values were questionably elevated and one was 
definitely elevated. The animal with the highest 
value for pulmonary vascular resistance (No. 13) 
also had the greatest changes in compliance and 


diffusing capacity as well as the most marked 
histological changes. 


Pathology 


The lungs of 11 animals were examined micro- 


scopically. The findings four days after a single 
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dose of irradiation revealed little abnormality ex- 
cept for capillary dilatation. No changes were 
seen in the larger vessels. Four to five months 
after fractional irradiation, the histological find- 
ings demonstrated focal atelectasis with some 
fibrosis and hyperemia of the interstitial areas. 
Chest roentgenograms taken regularly during the 
study period failed to reveal any obvious abnor- 
malities. 

In the three animals studied more than 172 
days following the onset of irradiation, obvious, 
interstitial fibrosis with paucity of cellular ele- 
ments and capillaries was apparent. The small 
pulmonary arteries of Dog No. 13 revealed marked 
narrowing due to endothelial proliferation. There 
was also focal necrosis of the walls, and few areas 
of acute hemorrhage. The lymph vessels were 
noticeably dilated. 


DISCUSSION 


The present study demonstrates that irradiation 
of the chest of the dog with the dosage employed 
is followed by progressive reduction in pulmonary 
diffusing capacity, lung compliance and functional 
residual volume. 

The study failed to demonstrate significant 
changes in any of the physiological variables mea- 
sured during the first few weeks following ir- 
radiation. Pathological studies indicate that hy- 
peremia, edema and thick secretions occur with 
some regularity during the early period follow- 
ing irradiation (2). This discrepancy between 
pathological and physiological findings might re- 
sult simply because measurements were made at 
inappropriate times or because the physiological 
changes were too small to be detected by the 
methods utilized. On the other hand, the dis- 
crepancy may also be explained on physiological 
grounds. For example, active constriction might 
produce changes in various resistance and diffu- 
sion components that would not be detected by 
measurements of total resistance and total diffu- 
sion. Pulmonary venular constriction is known to 
occur following inhalation of steam (20) or in- 
jection of endotoxin (21). As a result of in- 
creased resistance to flow through venules, hy- 
drostatic pressures increase proximally. These 
elevated pressures passively distend capillaries 
and other small vessels, thereby reducing their 


FUNCTION AND CHEST IRRADIATION 


591 


resistance to flow. Caliber changes which are 
directionally opposite might therefore account for 
the absence of a significant change in total resis- 
tance. Venular constriction also increases capillary 
blood volume and promotes edema formation (22). 
Edema may result from capillary hydrostatic pres- 
sures in excess of colloid osmotic pressures, in- 
creased capillary surface area or increased per- 
meability due to the noxious effect of irradiation on 
capillary walls. A normal total diffusing capacity 
might be expected since interstitial edema and in- 
creased blood volume have opposite and cancelling 
effects upon total diffusing capacity (23, 24). A 
differential diffusion method such as the one de- 
cribed by Forster and associates (25, 26) might 
detect such changes. On the other hand, the ab- 
sence of measurable compliance and functional 
residual capacity changes during this early period 
argues against venular constriction of a severe 
degree. Elevated blood volume and edema would 
be expected to decrease compliance (27) and func- 
tional residual capacity. 

All measured variables appeared to change sig- 
nificantly within six months following onset of 
fractional irradiation. Compliance, diffusing ca- 
pacity and functional residual capacity probably 
decreased by 80 days and definitely decreased by 
140 days. 
to increase at about six months. 
logical changes apparently result from the inter- 
and reduced 


Pulmonary vascular resistance seemed 
These physio- 
cellular infiltration 
area of the pulmonary vessels 
Arguments for 


stitial fibrosis, 
cross-sectional 
which were observed at autopsy. 
this statement follow: It is possible that focal 
atelectasis may in part account for the reductions 
in compliance and diffusion. That it is not the 
entire explanation is indicated by the fact that 
these functions were reduced in some anmials in 
which significant atelectasis was not observed. 
Variation in minute ventilation, due to different 
depths of anesthesia, was at first considered as a 
possible cause of the reduction in diffusing ca- 
pacity. It soon became apparent, however, that 
there was little correlation between the two param- 


eters (Table 1). It is unlikely that the observed 


changes in diffusing capacity are related to a fail- 


ure to correct for COHb in the blood. Such a 
correction would significantly influence absolute 
values but could hardly account for changes with 


time in a given animal. The changes in diffusing 
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capacity probably were not the result of changes in 
the level of hemoglobin. The hemoglobin levels 
(mean + S. D.) before irradiation and at 2, 4 and 
7 month intervals after irradiation were 14.8 + 0.9, 
(29 215; dea: 12 iss per 


100 ml., respectively. Hence, the change in pul- 


and Gm. 
monary function was probably the result of the 
pathological changes observed at autopsy. 

The values for diffusing capacity reported in 
this paper are considerably lower than those re- 
How- 
the 
Otis and Jude maintained respira- 


ported for four dogs by Otis and Jude (28). 
ever, their methods differed from those in 
present study. 
tion artificially during their measurements and 
used a different technique to sample expired vol- 
ume. These differences might tend to elevate dif- 
fusing capacity. The present study offers some 
evidence to support this statement. Diffusing ca- 
pacity was determined in two animals, each ven- 
tilated tidal 500 ml. 
Diffusing capacity with the lower volume was 4.3 
and 4.0 ml. per minute per mm. Hg, respectively. 


With the higher volume the corresponding values 


with volumes of 250 and 


were 14.0 and 10.3 ml. per minute per mm. Hg, 
respectively. These differences might be related 
to changes in diffusing area and vascular volume 
due to differences in airway pressures. 

Total compliance decreased almost entirely be- 
cause of decrease in lung compliance. Chest wall 
compliance decreased measurably in only one ani- 
mal and its contribution to the change in total 
compliance was minimal. Increased rigidity of 
the lung may result from cellular infiltrate, fibro- 
sis and atelectasis. All were observed in the pres- 
ent study and have also been reported by others. 
Fibrosis, cellular infiltrate, edema, atelectasis and 
reduction of pulmonary capillary blood volume all 
probably contributed to the progressive reduction 
in diffusing capacity. The latter most likely ac- 
counts for the tendency to a progressive decrease 
in arterial oxygen tension. The return of diffusion 
capacity toward normal in two animals may be 
related to clearing of cellular infiltrate or edema 
fluid. The most likely explanation of the progres- 
sive decrease in functional residual capacity is 
How- 


ever, since fibrous contracture might be expected 


fibrous contracture of lungs and chest wall. 


only after the passage of some time and _ since 
residual capacity decreased even during the mod- 
erately early period following irradiation, other 
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factors might be involved. One such factor might 
be pulmonary congestion. 

An increase in pulmonary vascular resistance 
could result from passive reduction in vessel caliber 
by fibrosis and necrosis. Such an increase in re- 
sistance to flow would be manifested in an ele- 
vated pulmonary arterial pressure for a given rate 
of blood flow. Freid and Goldberg (7) have 
noted elevated resistance to flow and right heart 
failure The 


present study indicates that at least six months 


in humans following irradiation. 
are necessary for these changes to become apparent 
in the dog. Studies during exercise might have 
The nor- 


mal pulmonary vascular bed responds to exercise 


demonstrated vascular fixation earlier. 


with a decrease in resistance due, at least in part, 
to passive distention as pressures increase sub- 
sequent to elevation of flow rate. In the presence 
of fixation, pulmonary arterial pressure would 
rise to higher levels than normal because resistance 
The fact that compliance 
decreased before six months suggests that an in- 


would remain constant. 


crease in fibrous tissue was indeed present even 
though it was not demonstrated by pulmonary 
vascular resistance studies made with the animal 
at rest and anesthetized. This fibrous tissue could 
decrease the distensibility of the vascular system. 
Therefore, studies during exercise might have 
Pul- 
monary hypertension during exercise in irradiated 


demonstrated fixation before six months. 
patients has been reported by Whitfield, Bond and 


Arnott (29). 
SUMMARY 


Pulmonary function has been studied in 15 dogs 
before and at intervals up to nine months follow- 
ing irradiation to the chest. Single doses of 1,000 
to 2,900 r and fractional doses of 3,000 to 4,800 r 
were administered. Pulmonary diffusing capacity, 
lung compliance and functional residual volume 


decreased progressively as time elapsed following 


irradiation, Pulmonary vascular resistance re- 
mained normal for a period of five months fol- 
lowing irradiation. These physiological changes 
have been discussed in relation to changes in 


histology. 
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For investigating nutritional applications in 


PEPTIC ULCERS 
ALCOROLISM 
GEREBRAL INSUFFICIENCY 


. use the pure natural (L-) form of this important intermediate of cell metabolism. 
The equivalent amount of biologically active L-GLUTAMINE costs little more than 





the racemic (DL) mixture. There is no inert D-isomer present which might complicate 
experimental procedures and interpretation of results. 

Brain cells and cerebro-spinal fluid normally contain significant quantities of 
L-GLUTAMINE. This key substrate in brain metabolism readily permeates the blood- 
brain barrier which is not permeable to glutamic acid. 

GLUTAD is the trademark for pure t-GLUTAMINE produced by Schwarz Labora- 
tories in collaboration with Rath Pharmaceutics Corp. Now available to qualified 


clinical investigators as tablets, capsules and pre-measured 2 gram envelopes. Also 


available in bulk for industrial applications, biochemical and nutritional studies. 


now, ata new low price 


* Bulletin No. 1-44 listing recent reports on the use of L-GLUTAMINE in experimental 


treatment of peptic ulcer, alcoholism and cerebral insufficiency will be sent on request 


SL-406A 


for further information write: 


Schwarz Laboratories, Inc., 230G Washington Street, Mount Vernon, New York 
or 


Rath Pharmaceutics, Corp., 225 East 46th Street, New York 17, New York 








The Singular Source for Isotopic 
Compounds. . per your exact specifications 


Over 550 labeled —_—— of guaranteed radiopurity 


regularly available including 
carbon-14 Available by arrangement: 
sulfur-35 a. Special packaging and sizes 
phosphorus-32 b. Speci forms: e.g., solu 
deuterium tionmsfer uijection, crystal 
tritium line soNite 
High, low. ar“standard 


specific activity 


Unconditional Quality Guarantee. 


Write for our new comprehensive 24-page catalog 


! 2010- 
i, cmanercas —_ 
company — 
5411 North Clark Street, Chicago 40, lil. 











The Journal of Clinical Investigation 
333 Cedar Street New Haven 11, Conn. 


COMPLETE VOLUMES 
OF 
BACK ISSUES 


Vols. 1 through 11, inc.—special 


price $25.00 
Vol. 12 (1933) six issues 10.00 
Vol. 13 (1934) six issues 10.00 
Vol. 27 (1948) six issues and one 

supplement 10.00 
Vol. 28 (1949) six issues and two 

supplements 10.00 
Vol. 29 (1950) twelve issues 10.00 
Vol. 30 (1951) twelve issues and 

one supplement 12.00 
Vol. 31 (1952) twelve issues 12.00 
Vol. 32 (1953) twelve issues 12.00 
Vol. 33 (1954) twelve issues 12.00 
Vol. 36 (1957) twelve issues and 

two supplements 15.00 
Vol. 37 (1958) twelve issues and 

one supplement 15.00 
Index, Vols. 1-17, inc. 2.00 


Order While Available 











For Quality without Question... Enjoy the me | 
unique refreshment of sparkling Coca'Cola 1 





SIGN OF GOOD TASTE 




















e.e@ f° 
@@s6 fe 





-e 
O-+-69 
. 3 
O-+-@@ 
. 

+ @-i-eQ 


a- 
* 
a 
. 
o- 


r 
i 


-ee? i 


a 





* 
. 


‘ee 
“{@608@ 


+0000 @ 





{8000 @ 


“ee 


*- 














a 











Pees? 
@eoeo oo @ 
on Sopse s 


. | 


i 


Simultaneously record 
and visually monitor 
biophysical phenomena 


WITH THE NEW MULTI-CHANNEL 


SANBORN 550M Series 
Poly-Beam Photographic Recording System 





SPEED and SENSITIVITY of the 550M System 
permit diagnostically accurate recording of fast 
changing phenomena such as heart sounds and 
small-animal ECG’s and of low-level signals such 
as small-muscle myograms, EEG and fetal ECG. 
VERSATILITY and FLEXIBILITY of the 550M 
design offer many advantages. The system can 
be purchased with only 4 or 6 channels and 
minus the monitoring unit. Additional inter- 
changeable plug-in preamplifiers (up to a total 
of 8), plug-in mirror galvanometer inserts and 
the visual monitoring unit — consisting of an 
electronic switch, vector timer and oscilloscope 
—can be added later. 
ADDITIONAL FEATURES include: entire 6 
inch chart width available to all beams... ability 
of beams to be superimposed and to cross each 
other... photographically registered timing and 
amplitude lines ... trace interrupter for beam 
identification ... provision for elimination of 
amplitude lines from part or all of the record 
.. choice of 8 chart speeds from 1.25 to 200 


mm ‘sec... display on the monitoring unit of up 

to four waveforms at once, or vector loops, as either 

a substitute for or a supplement to the recorder 
. exposed film container can be removed at any 

time under normal light... event marker included 

... provision made for remote control... viewing 

window permits observing and positioning of gal- 

vanometer beams. 

The new 550M Poly-Beam is a completely self- 

contained recording — monitoring system built into 

a single, mobile cabinet only 22” wide and 6’ high. 

Sanborn also offers a new direct-writing recorder, 

the 350M Series —in a 6- or 8-channel system. Plug- 

in “350” style preamplifiers can be used inter- 

changeably with the 550M Series which is identical 

in cabinet size and style. 

Write for the new 8-page 550M catalog, or 

the complete catalog describing the major 

Sanborn instruments for measuring, re- 

-ording or monitoring biophysical phe- 

nomena. The Sanborn Branch Office or 

Service Agency nearest you can also 

supply complete information on any or 

all Sanborn equipment. 


SANBORN COMPANY 


MEDICAL DIVISION 
175 Wyman Street, Waltham 54, Massachusetts 








Withdrawal 
Pumps for 


Dye Dilution 


The dye dilution method of de 
termining cardiac output demands 
high accuracy in the withdrawal of 
blood samples through the densi 
tometer. Harvard Apparatus Co 
Inc. manufactures a wide range of 
infusion/withdrawal pumps, two of 
which are ideally suited to this pur 
pose. Both accept single syringes 
from 50 cc. to 2 cc. size. Synchro 
nous motors and precision-cut lead 
screws assure a highly accurate rate 
of flow. Both units may also be 
used for infusion. They are fur 
nished complete, ready for use, ex 
cept for syringes 


600-900 Infusion/Withdrawal Pump (shown) 
equipped with multi-speed transmission which pro 
duces 72 separate rates of infusion or withdrawal 
from 38.4 cc./min. to 0.0008 cc./min. Reproducibil 
Mass. 


ity is + 0.01%. $300.00—f.0.b. Dover, 


900-S Single Speed Infusion/Withdrawal Pump-— 
same as 600-900 but with single speed motor. For 
dye dilution work, 60 r.p.m. motor is recommended, 
producing 5 separate rates from 38.4 cc./min. to 
min. Reproducibility is + 0.01%. 

$175.00—f.0.b 


we on 


Dover, Mass 


Data Sheet 900 Pumps and New Catalog available on request 


HARVARD APPARATUS CO., IMC. - Dover, Mass., U.S.A. 


(a non-profit organization) 





a new radioisotope counting system 
for biological and clinical research 


Nuclear-Chicago’s ACTIGRAPH II°—the all new 
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Completed chart can be placed next to strip to directly 
determine location and intensity of radioactive zones. 


The new Actigraph II is a completely rede- 
signed and improved scanning system for 
recording automatically the position and total | 

activity of separated radioactive zones on a ee 
strip chromatogram. Two reels accommodate Carpi UENO 
strips up to 50 feet in length allowing single ui 
short strips to be spliced end-to-end for con- 
tinuous operation without attention. A wide 
choice of detectors may now be used including | ttl 
G-M tubes, windowless gas flow counters, and at SOROS 

scintillation detectors. Increased sensitivity is 

provided through improved geometry. The 

Actigraph II is available with a wide variety Typical radio- 

of chart recorders including the new “recti- chromatogram scan 
linear’ recorder. Chart and strip speeds are ti made with 
easily synchronized by making identical gear | Actigraph IT 
changes. For complete information write us | 
and ask for ‘‘Nucleus #14’. 
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PAPER ELECTROPHORESIS 





... now more useful than ever in clinical pathology 


Thousands of laboratories routinely run 
serum proteins by paper electrophoresis as 
an aid in diagnosing hepatitis, agamma- 
globulinemia, the myelomas and a variety 
of related pathologies. Now this simple 
diagnostic aid is being used to separate 
other serum components of medical sig- 
nificance. : 


LIPOPROTEINS 


The relationship | 


: | 
between these fat- 
protein molecules and ~~ =~ 


atherosclerosis, liver 
diseases, diabetes ae aa 
and obesity has made lipoproteins an 


important field of research. 


HEMOGLOBINS ‘i 
Sickle cell anemia is mn a 
revealed by the presence 


on the paper strip of 
both normal and sickle-cell hemoglobins. 


GLYCOPROTEINS 


Changes in 
glycoproteins are 
often greater and ee ree 
more specific than changes in serum pro- 
teins. Indications of glycoprotein correla- 
tions are reported in studies of cancer, 
collagen diseases, acute and chronic infec- 
tions and tuberculosis. 


These new analyses can be performed on 
the same Model R equipment chosen by 
most laboratories using paper electrophor- 
esis— equipment which is easy to use and 
lends itself veadily to different analyses, 
dyes and techniques. For more informa- 
tion, please return the coupon. 


/ 


Beckman; 
Spinco Division 


Beckman Instruments, Inc. 


Beckman/ Spinco 
Model R System: 
cell, power supply 
and scanner 


To: Spinco Division, Beckman Instruments, Inc., Stanford Industrial Park, Palo Alto 16, California 


CJ Please send me information on the clinical significance of paper electrophoresis, 


and a description of 
the equipment 
required, 





CJ I own a Model R System 





and would like additional 
information on recently 





reported methods. 








} Seite first in precision optics 


PRADO 
M/ICROPROJECTOR 


The extreme brilliance, clarity and defini- 
tion in screen images from the well-known 
PRADO make it readily convertible from 
standard 2x2" (Model 500) or 234"x2%" 
(Model 66) slide projector to microprojector. 


This portable unit may be carried easily 

from room to room and used wherever 

there is an electrical outlet. Light from the 

500-watt lamp, projected through as- 

pheric condensers in the blower-cooled PRADO, as microprojector 
PRADO, gives an image quality ideal for 

use in classroom or conference room. 


For microprojection, the special micro- 
attachment simply slides onto the power- 
condenser housing. The attachment 
provides an object stage and adjustable 
condenser lens with helical focusing. A 
similar attachment is available which 
allows the stage to be placed in a horizon- 
tal position to accommodate wet mounts 
The revolving nosepiece holds three objec- 
tives: 3.5x, 10x, and 25x. The high power 
objective is equipped with a spring- 
loaded mount. PRADC 


A reputation for integrity and a tradition of service have led thousands of scientific 


workers to bring their optical problems to Leitz. If you have problems in this field, 


why not let us help you with them? 


E. LEITZ, INC., Dept. C1-3 

468 Fourth Avenue, New York 16, N. Y. 
: ’ Please send me the Leitz 

See your Leitz dealer and examine these Leitz 
instruments soon. Write for information. 


STREET _...___-. 


ea ee ee ee 


E.LEITZ, Iinc., 468 FOURTH AVENUE, NEW YORK 16, N.Y. 
Oietribwtors o f the world-famous predwuets o f 
Ernst Leitz G.m.b.H.,Wetzlar, Germany-—Ernst Leitz Canada Ltd 
LEICA CAMERAS - LENSES - MICROSCOPES - BINOCULARS 








ee AUTO-GAMMA 


AUTOMATIC GAMMA SAMPLE CHANGER 





NOW. .. completely Automatic Scintillation Counting ! 


Here is an instrument that quickly pays for 
itself by saving staff time. It can be operated 
twenty-four hours per day and seven days per 
week without attendance. Also, more samples 
can be counted and better data obtained by 
using longer counting periods and more re- 
peat counts. 

Test tubes are 16 mm diameter by 150 mm 
long for standard well-type scintillation detec- 
tors. Any number up to ONE HUNDRED 
SAMPLES can be counted at each loading. 
After the last sample in the turntable has been 
transferred to the scintillation detector, 
counted, and returned to its place in the turn- 


@ Trademark 


table, the unit resets to the first sample and 
starts over again. Counting periods are based 
on both preset time and preset count, and 
counting is stopped by whichever is reached 
first. Sample number, time interval and scaler 
reading are all recorded on the paper tape. 

The Auto-Gamma Sample Changer is avail- 
able for many different systems. It can be pur- 
chased as a complete unit with a choice of 
large or small sodium iodide crystals. It can 
also be used with scintillation spectrometers or 
with simple scaler systems. 

For full information request Auto-Gamma 
Bulletin. 
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